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PREFACE 
This thesis presents a study of human and horse hemoglobins by means 
of hydrogen ion titration curves The differential titration curves, ι e curves 
which give the slope of a normal titration curve, of a number of hemoglobins 
were measured and analyzed 
It is known that some imidazole groups in native hemoglobin are not 
titratable and the primary aim of this investigation was to obtain more infor­
mation about these groups Although this problem has been attacked earlier 
by means of normal titration curves, we believed that differential titration 
curves could give more precise information about this question 
We first studied human hemoglobin because it is one of the best known 
hemoglobins Moreover this hemoglobin can easily be split into its a- and 
^-chains, which offers the possibility to study them separately 
From crystallographic investigations it is known that a large similarity 
exists between the three dimensional structure of human and horse hemo­
globin We therefore also performed titration studies on the latter protein, 
in order to investigate titnmetnc similarities too 
Besides information about imidazole groups, the titration studies also give 
information about other titratable groups The SH groups especially were 
studied in more detail 
Having performed the titration studies on human and horse hemoglobin 
we were able to construct a scheme which might explain the different number 
of titratable imidazole groups in these proteins Titration studies on hemoglobin 
A2, a minor component of human hemoglobin, seems to confirm our hypothesis 
I would like to thank here everyone who contributed to this thesis It is a 
great pleasure for me to thank Dr S H De Brum, who introduced me m the 
titration technique, for his stimulating discussions and his valuable criticism, 
and all other members of the Department of Biophysical Chemistry for their 
interest in this work The technical assistance of Mr J H F Roef and Mr 
Ρ J Schreurs and the help of Mr Th A M H Vermeegen of the Computer 
Centre at the Faculty of Sciences in writing the computer program is grate­
fully acknowledged The help of Drs A Borst, Drs J R F M Leenders, 
Drs H F G Van Der Steen, A H A Tinnemans and Ρ С Th Pardoel has 
been greatly appreciated I thank the Department of Illustration (head Mr 
J. Gerritsen) and the Department of Photography (head Mr Η J M Spruyt) 
of the Faculty of Sciences for carefully preparing the illustrations and photo­
graphs, Miss G W M Blom for her contribution in the preparation of the 
manuscript and Mrs S. J С Van Eindhoven for correcting the English text 
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CHAPTER I 
GENERAL DESCRIPTION OF MATERIALS AND METHODS 
1 1 Hemoglobin 
Since a long time hemoglobin has been the subject of study of numerous 
investigators in very different fields of science A large arrjount of information 
about hemoglobin is therefore available, probably more than about any other 
protein In this section we will consider some aspects of hemoglobin neces­
sary to understand the problems studied in this thesis 
Only human and horse hemoglobin have been studied here, by "hemoglobin" 
is therefore meant human and/or horse hemoglobin If great differences 
exist between them, this will be mentioned 
Hemoglobin occurs in the blood cells at a concentration of 34 % by weight 
It functions, among others as carrier of oxygen from the lungs to the tissues 
From the red blood cells hemoglobin can easily be isolated The highest found 
molecular weight of mammalian hemoglobins is about 64 000 Under certain cir­
cumstances, for example in the presence of high concentration of neutral salts, 
smaller values can be measured It is now well established that hemoglobin 
consists of 4 subumts, which are equal in pairs These chains are commonly 
designated as a- and /?-chains, thus hemoglobin can be represented as α2β2 
The α-chain contains 141 and the /î-cham 146 residues The primary structure 
— ι e the sequence of the amino acids — of each chain is known Only the 
number of amides in the /?-chain of horse hemoglobin is not yet known 
Much information about the primary structure of hemoglobin has been 
compiled by Dayhoff (1969) 
From X-ray studies much is known about the secondary and tertiary struc­
ture, ι e the occurrence of helical and non-helical parts in the ammo acid 
sequence and their arrangement in space The folding of the ammo acids in 
the a- and /?-chains proved to be very similar to that in myoglobin, a protein 
occurring in the muscles, which is also able to bind oxygen reversibly It is 
found that more than 60 % of the peptide chain in hemoglobin forms an a-helix 
The helices are normally denoted by the capitals A, B, C, D, E, F, G and H, 
the mterhehcal parts by the two capitals of the adjoining helices, for example 
AB, ВС etc A number following the capitals denotes the residue in that 
helical or non-helical part The residues in the a- and ^-cham can be arranged 
in such a way that they occupy structurally identical places Thus His E7(58)a 
and His £7(63)^ denote a His residue occupying m the a- and /?-chalns the 
same place in helix E, whereas their number in the primary structure is 58 
and 63 resp, starting the numbering, as usual, from the ammo end (Perutz, 
1965, Perutz, Muirhead Cox and Goaman, 'ЭбВ'* See also Fig 1 
Fig. 1. Model of sperm whale myoglobin, showing the helical end non-helical regions. 
Reproduced (by permission) from Dickerson (1964), who gives the following explanation: 
large dots represent α-carbon positions; stretches of a-helix are represented by 
smooth helix with exaggerated perspective and give letter-number labels except 
for helix D1-D7, nearly normal to plane Ы paper, which Is shown by single straight 
lines connecting α-carbons; non-helical regions are designated by letter-letter-number 
symbols; heme group framework is sketched in forced perspective, with side groups 
identified by: M=methyl, V=vinyl, P=propionic acid. Five-membered rings at F8 and 
E7 represent histidmes associated with heme group. 
The position of residues NA1 and NA2, which are lacking In myoglobin, but are 
present in the a- and ß-chains, is taken from Perutz (1965). The numbering in this 
figure Is from Kendrew, Watson, Standberg, Dickerson, Phillips and Shore (1961). 
Each of the chains has bound a prosthetic group, the heme, which is a 
complex of Fe î + with protoporphyrin IX. This complex causes the character-
istic red colour of hemoglobin and it is also the oxygen binding site. One oT 
the interactions between the heme and the globln chain is formed by a Hie 
residue In the polypeptide chain, the so called proximal histidine (F8{87)a and 
fB(92)ß). which forms a covalent bond with the iron of the heme group. 
There are fur ther interact ions between the v inyl groups and the two propionic. 
acid s ide chains of the heme group wi th residues in the protein chain. The 
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heme groups he near the surface of the molecule m a rather hydrophobic 
environment 
In the tetramenc hemoglobin molecule two a- and two ^-chains are arranged 
in such a way. that the 4 heme groups almost form a tetrahedron There are 
no covalent bonds or disulphide bridges holding the chains together, but only 
weak hydrophobic interactions, hydrogen bridges and — mainly between like 
chains — some ionic contacts 
When hemoglobin has not bound oxygen (Hb, deoxyhemoglobm) the distance 
between the two heme groups in the β chains is 39 9 A In oxyhemoglobin 
(Hb02) this distance becomes 33 4 A (Muirhead, Cox, Mazzarella and Perutz, 
1967) This is only one of the indications that the quaternary structure — ι 
the arrangement of the chains — is different in the two states 
The affinity of Hb for oxygen is pH dependent This is known as the Bohr 
effect The structural change accompanying oxygenation probably causes a 
change in the pK of some protomc groups The difference in protons bound 
between Hb and Hb0 2 can be explained by assuming that upon oxygenation 
at least 4 groups get a higher pK (the normal or alkaline Bohr groups) 
and 4 groups get a lower pK (the acid Bohr groups) Two of the 4 
normal Bohr groups probably are the α-amino groups of the α-chains and 
the other two probably are imidazole groups, belonging to His residues of 
the /?-chain These 4 groups, however do not seem to account for the total 
alkaline Bohr effect The nature of the other Bohr groups is still a matter of 
discussion (Perutz, Muirhead, Mazzarella, Crowther, Greer and Kilmartm, 
1969, Kilmartm and Rossi-Bernardi, 1969, De Brum, Janssen and Van Os. 1969) 
There are many excellent reviews, concerning the structure and function of 
hemoglobin, In which more information can be found (Wyman, 1948, 1964, 
Braumtzer, Hilse, Rudloff and Hilschmann, 1964, Rossi Fanelli, Antonini and 
Caputo, 1964, Antonini 1965, Riggs, 1965, Schroeder and Jones, 1965) Some 
recent problems have been discussed by Antonini (1967) 
1 2 Titration of proteins 
Hydrogen ion (acid-base) titration curves of proteins can give much infor­
mation about their structure and function 
The number of titratable groups and their pK, the involvement of proton 
binding groups in the secondary, tertiary and quaternary structure of proteins 
and in the binding of substrate molecules, structural changes caused by 
changes in the environment, all these phenomena can be studied by means 
of acid-base titrations. 
Reviews on this subject have been given by Stemhardt and Zaiser (1955), 
Tanford (1955, 1961, 1962), Edsall and Wymann (1958), Lmderstrem-Lang and 
Nielsen (1959). Stelnhardt and Beychok (1964) and Nozaki and Tanford (1967b) 
1 3 The protomc classes m hemoglobin 
In proteins there are always a number of classes of identical groups, which 
k 
can οιηα э proton (.trie protomc classes). For example among the 141 residues 
in the u-chain of питан hemoglobin, there are 40 such protonic groups. 
First there are the carboxyl groups from the Glu and Asp residues. Their 
pK values probably are of the same order of magnitude as in simple organic 
acids. Nozaki and Tanford (1967a), studying model compounds, found a 
different pK value for the Asp and Glu residues (about 4.1 and 4.5 resp.). 
Besides the a-carboxyl groups, there are two propionic acid side chains in 
each heme group, which must be taken into account in the analysis of hemo­
globin titration curves. 
The next class is formed by the histidyl residues. Histidine (or a-amino-4 
(or 5)-irnidazole propionic acid) contâmes the imidazole group. Imidazole itself 
has a pK of about 7, whereas m histidine this value becomes about 6. 
The pK values for His residues found in proteins, mostly lie in this range. 
Nuclear magnetic resonance studies on nbonuclease and some other 
proteins show, that the pK values of imidazole groups in His residues 
can vary from about 5 4 to 8 0, depending on the position of the particular 
His residue (Bradbury and Scheraga, 1966; Bradbury and Wilairat, 1967; 
Rüterjans, Witzel and Pongs, 1969). In the native form of hemoglobin not all 
His residues are titratable (Stemhardt and Zaiser, 1955). 
The terminal α-amino groups mostly have pK values of about 8. Studies 
of hemoglobins, modified in the α-ammo groups of the α-chains revealed that 
their pK is about 7 in Hb0 2 . (Kilmartm and Rossi-Bernardi, 1969; De Bruin 
et al. 1969). 
The ε-amino groups of the Lys residues and the guanidyl groups of Arg 
residues have pK values of roughly 10.5 and 12 resp.. The phenolic OH groups 
of the Tyr residues too, are not all titratable in hemoglobin (Hermans, 1962); 
their pK can be determined spectrophotometncally and has about the same 
value as the ε-amino groups. 
Human hemoglobin contains 6, and horse hemoglobin 4 SH groups (also 
called: sulphydryl or thiol groups), emerging from Cys residues. Two of these, 
located in the ß-chams, are the reactive SH groups (F8(93)/3), so called 
because they form easily compounds with a number of reagents. From model 
compounds a pK of 9.1 can be expected for these groups. 
When the Fe2^ in hemoglobin is oxidized to Fe3*, one obtains methemoglobin 
(MetHb). Depending on the pH, either H20 or OH - is coordinated with the 
iron. Therefore in MetHb there are 4 additional titratable groups; their pK, 
which can be determined spectrophotometncally, is about 8. MetHb can also 
bind other ions such as CN~, forming the cyanomet derivative (MetHbCN). 
1.4 The charge of hemoglobin molecules 
Of the classes of protonic groups considered in the previous section, the 
His, Lys, Arg residues and the α-amino groups (and in MetHb the heme 
groups) bear a positive charge of one proton unit, when they have bound a 
proton, whereas the other groups bear no charge in that case. The maximum 
5 
positive charge due to the binding of protons, is therefore equal to the number 
of titratable His, α-amino, Lys and Arg residues, or 
Z
max
 =
 Пнж + n α -NH2 + nLy8 + nAre (14 1) 
In our definition of Z m a x we do not count those residues which are not 
titratable as long as the native structure of the protein is maintained The 
value of Zmi:l for hemoglobin can therefore not be estimated from the known 
amino acid composition nor can it be determined by titrating to low pH, 
because in the latter case hemoglobin loses its native structure and some 
masked groups become titratable which then contribute to Z m u (Stemhardt 
and Hiremath, 1967, Geddes and Steinhardt, 1968) 
We will use Zn ] a N to define the mean protein charge, Z H Let n, be the 
number of titratable groups of class ι, and a, the corresponding degree of 
dissociation It is then evident that 
2 H = Z
m a ! L - 2i η,α, ( 1 4 2) 
If a protein solution is passed over a column containing a mixture of 
anionic and catiomc exchange resins in the OH and H+ form resp , the resulting 
effluent contains, besides the protein and the solvent molecules, only H+ and 
OH- Ions Such a solution is called an isoionic protein solution and its pH 
the isoionic point 
If the mean charge Ζ of a protein molecule is zero, the molecule is said to 
be isoelectric (if only protons are bound, then Ζ = 2 H ) The pH of the 
solution is called the isoelectric point (Tanford, 1961) 
Because of electric neutrality the following equation must hold for an 
isoionic protein solution 
(Ρ) Ζ = (ОН-) - ( H - ) (14 3) 
where (P) denotes the concentration of the protein The isoionic pH of most 
hemoglobins lies between 7 and 8, whereas (P) in our study is about 3 10-* M 
If for example the isoionic pH is 8, then Ζ = 3 10-' During most titrations 
described in this thesis, 2 H vanes between about +20 and —15 For our 
purpose, we can therefore consider an isoionic solution and an isoelectric 
one as practically identical It will be clear from Eqn 1 4 3 that in an isoionic 
solution Ζ is exactly zero only If the isoionic pH is 7 
Mostly the isoionic point is taken as the reference and starting point of a 
titration If a known amount of acid or base is added to an isoionic protein 
solution, the new charge of the protein can be calculated from the new pH and 
the known amount of protein 
We will call an originally isotonic protein solution to which salt has been 
added in order to obtain a desired ionic strength, an isoionic solution too 
1 5 Normal titration curves 
In a normal titration curve the relation between the pH of the solution and 
the charge of the protein is given It is assumed that each of the protomc 
classes obeys the equation
 a 
pH = pK, + log 0 868wZ (15 1) 
1 - a , 
6 
where К, is the intrinsic dissociation constant of class ι (ι e the dissociation 
constant when Ζ = 0), α, is the corresponding degree of dissociation and w 
is called the electrostatic interaction factor The term 0 868 wZ expresses the 
influence of the protein charge on the apparent pK, which is the sum of pK, 
and the term -0 868 wZ For a more detailed discussion, see for example 
Tanford (1962) 
If as a model for the protein molecule an impenetrable sphere is chosen 
with the charge evenly distributed over its surface, tnen w is given by 
w (1 ) (152) 
2DRkT 1 + xa 
with ε the elementary charge, D the dielectric constant of the solvent, к Boltz-
mann's constant, Τ the absolute temperature, χ the Debye-Huckel parameter, 
R the radius of the sphere representing the molecule and a the radial distance 
of closest approach of the protein molecule and a counterion.Mostly one 
assumes a = R + 2 5 A (Tanford, 1962) R can be calculated from the 
equation 
4 3 M 
л В = - ( 9
г
 + ο,ν,ο) (15 3) 
3 Ν 
(Tanford, 1961) Here M is the molecular weight of the protein, N is Avogadro's 
number, v2 is the partial specific volume of the solute, Ох is the hydration of 
the protein ι e the amount (grams) of solvent bound per gram of dry protein 
and Vj0 is the specific volume of the solvent The parameter χ depends on 
the temperature, nature of solvent and the ionic strength I At 25° and for 
water, χ - 0.32910β y i | n Table I (see ρ 14) some calculated values of w 
for hemoglobin and the α-chains based on the spherical model are given 
The analysis of a normal titration curve is mostly executed as follows 
(Tanford, 1962) The titration curve is separated into three parts an acid, 
neutral and alkaline portion, this division depends on the location of the 
inflection points, terminating the neutral region at the acid side (at about 
pH = 5 5) and at the alkaline side (at about pH = 9) The groups titrated in 
the neutral region are assumed to be His residues and the ot-amino groups 
As an example a part of the titration curve of a hypothetical protein has been 
plotted in Fig 2 
The next step is to evaluate values of pKi and w Therefore pH-log (αι/(1-αι)) 
is plotted vs 2 H If the groups involved obey Eqn 1 5 1, a straight line Is 
obtained from which w and pK, can be calculated However, deviations from 
this ideal behaviour are often found as discussed by Tanford (1962) 
The division into the three regions mentioned is difficult because there is 
always some overlap Tanford and Nozaki (1966) have described another 
method, which permits a greater accuracy in the estimation of the number of 
groups titrated m the neutral region Eqn 1 4 2 is then written as 
2
Ц
 = Z
mai — Д " i l l — "His OHis 
or 
Гни. = пн,
в
 анів = Z ^ — Z H — 27 η,α, (1 5 4) 
Fig. 2. Normal and differential titration curve of a hypotheticaf protein The following 
parameters were used· n, = 20, pK1 = 4.5, пг = 9, pK2 — 7, n, = 1, pK, = 8, nt = Í5, pK, = 10 5, Zma:r = 25 and 0.868vi = 0.05 The curves have been calculated 
v/fth Eqns І.4І. 1.5 I and 1.6.5. 
so гн,,, denotes the number of His residues that are dissociated at any pH. At a 
pH near 5 and near 9, a plot of rn l s vs pH must reach a plateau. The distance 
between these two plateaus must give the number of titratable His residues; 
г
Ш я
 is calculated as follows: Z m : l x is found from the amino acid analysis 
(the definition of Z m a x used by Tanford and Nozaki differs from ours, in that 
they also count the number of not titratable imidazole groups), Z n is determined 
experimentally and Σί η,α, is calculated with Eqn. 1.5.1, taking n, from the 
ammo acid analysis and calculating a, by varying the pK of the several classes 
8 
of groups. If rHls vs. pH reaches a plateau at low and at high pH, it Is assumed 
that the ρΚ,'β are correct and subsequently n H I , can be read; pK B U Is found 
by plotting pH — log {auJO-anJ) vs ZH- Examples of this type of analysis will 
be given in Section 2 3, 2 4 and 2.5 This method has also been used by 
Bucci. Fronticelll and Ragatz (1968) 
1.6 Differential titration curves 
Differential titration curves are in our definition curves which represent the 
slope of a normal titration curve, i.e. curves where — Δ ρ Η / Δ 2
Η
 vs. 2 „ has 
been plotted. Because Z H decreases when the pH increases, ΔρΗ/Δ5 Η le 
always negative, we therefore prefer to use —ΔρΗ/ΔΖ
Η
. 
The determination, interpretation and application of differential titration 
curves of proteins was first described by De Bruin and Van Os (1968). A 
more detailed discussion has also been given by De Bruin (1969) Because 
differential titration curves form the greater part of this thesis, we will here 
give a renewed and sometimes extended discussion of the subject. 
We first want to derive a mathematical expression for dpH/dZH. 
From Eqn. 1.4.2 it follows 
dZ H = — Zi η, da, — Σ, α, dn, (1.6.1) 
and from Eqn. 1.5.1 
¿PH = . » „ ^ 1 , . — г * Ч — 0.868wdZ — 0.8682dw or 2.303· ai (I-e,) ^ 
da, = 2.303 · a, (1-a,) (dpH + 0.868wdZ — 0.e68Zdw) (1.6.2) 
Combining Eqns. 1.6 1 and 1.6.2 one obtains 
dpH 1 + 2,ia.(dn,/dfH) dZ dw 
= + O.eeSw + 0.868Z (1.6.3) 
dZH 2 3032·ιη,α. (1-a.) dZj, dZ H 
If besides protons other ions are bound, then Ζ = Z H + Zb, where Z b denotes 
the charge caused by other bound ions. Eqn 1.6.3 can then be written as 
dpH 1 + ¿'.a.Cdn./dZH) dZb dw 
= + 0.868W (1 + ——) + 0.868Z (1.6.4) 
d fu г.ЗОЗ^.п.а. (1-a.) dZ H dZ H 
If no groups are liberated during the titration, if only hydrogen ions are bound 
and If w Is constant, which means that dn^dZg, dZb/dZH and dw/dZH are 
zero, then Eqn. 1.6 4 reduces to 
dpH 1 
— = + 0 868w (1.6.5) 
dZ H 2.303 Σ,η,α, (1-α,) 
Together with Eqns. 1.4.2 and 15 1 a differential titration curvai can be cal­
culated for a given set of n/s and pKj's. As an example Fig 2 also gives a 
differential titration curve, calculated with the same parameters as used for 
the normal titration curve The inflection points in the normal titration curve, 
terminating the neutral region, are found in the differential titration curve as 
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maxima Therefore the distance between the two peaks gives the number of 
groups titrated m the neutral region, as can be seen by comparing the position 
of the two peaks in Fig 2 (at ZH = 5 and Z H = —5) with the parameters used 
Not only the distance between the two peaks, but also the absolute 
positions of the peaks at the ZH-axis are important This can be seen as 
follows The maxima in the differential titration curve only represent equi­
valence points if the peaks are sharp, ι e if the pK of all groups is far away 
from the pH of the peak The first maximum, at low pH, will here be called Zl 
and the second maximum at about pH = 9, Zu In the ideal case therefore 
Z I = гішіх — nCOOH 0 6 6 ) 
and 
ZI1 = Zma4 — n ( ООП — "Hie —Π α.ΝΗ, С1 6 7) 
The validity of these equations can be tested in Fig 2 The difference between 
Zi and Zu of course equals nHtf¡ + na_Nu If we substitute Eqn 1 4 1 into 
1 6 7 we get 
Zu = "Lye + пАпг — ncooH 0 6 8 ) 
We found that, whereas Z, in the case of hemoglobins not always indicates 
a true equivalence point (the uncertainty amounts to about one group), Z,, 
always is a sharp peak and therefore represents an equivalence point with an 
uncertainty which is only a small fraction of one group 
The remaining uncertainty about the number of groups in each class can 
be decreased by comparing the experimental curves with calculated ones, 
from which approximate pK values can also be obtained 
To derive a calculated differential titration curve we proceed mostly as 
follows from the ammo acid analysis, n L y B and n A l K are known, then from 
relation 1 6 8 п^дд can be found This value can be compared with the amino 
acid analysis, if the amide content of the protein is known From the estimated 
peak-to-peak distance, a (tentative) value for n H u is found, 0 668w is treated 
as an adjustable parameter, because it influences only the height of the 
differential titration curve Values for pK, must then be chosen and a differen­
tial titration curve can be calculated and compared with the measured one 
If there is not sufficient agreement between them, the number of His residues 
and/or the pK values must be varied, until there is a satisfactory correspon­
dence between the experimental and calculated differential titration curves 
1 7 Experimental determination of the normal and differential titration curves 
The titration procedure has been described earlier (De Bruin and Van Oe. 
1968, De Brum et al 1969, De Brum, 1969) but because of several improve­
ments, a renewed description is given 
The equipment is shown in Fig 3 The microburette (Metrohm, type E 457), 
contains a precision machined tantalum rod moving in a somewhat wider 
glass tube by means of a screw The rod drives the titrant via a very fine 
capillary into the titration vessel, which is thermostated at the desired 
temperature One revolution of the screw corresponds to 0 01 ml ± 1 % 
10 
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-constant mining-
ι measurements . ι 
г -^Ч г 
repeat 
30 
J I 
ΙΑ 60 
л start д stop s t a r t A A add command 
Fig. 3. Schematic diagram of the automatic titration equipment; с = calomel electrode: 
g = glass electrode, Τ = titration vessel; R = load resistance of pH meter. The three 
synchronous motors (Halstrup type M 64/10) have ad/usteble gear boxes, allowing 
speeds of O.Ol to 10 rev. per min.. For other details see text. 
The effective content of the burette is 0.45 ml. The titrant used was HCl or 
carbonate free NaOH, for convenience of exactly the same concentration. 
The concentration of protein and titrant were correlated in such a way, that 
the corresponding change in protein charge was about 0 8 on addition of 
0.01 ml of titrant in the case of hemoglobin. 
The pH is measured with a Radiometer pH meter, type PHM26, in combi­
nation with a glass electrode G202B (preferred to a microelectrode because 
of its small response time) or sometimes a G202C electrode for measurements 
at low temperature, and a calomel electrode, type K401. The KCl leak of the 
latter is so small during a titration, that its influence on the ionic strength 
can be completely neglected. The pH is not read from the moving-coil meter 
of the instrument, but from a high resolution digital voltmeter (Solartron, type 
LM 1440.3). This voltmeter measures the voltage across the resistor R, the 
load resistance of the current output of the pH meter. This resistor is adjusted 
to give exactly 100 mV per pH. The pH meter was calibrated with a phtalate 
and phosphate buffer (Bates, 1964). 
The stability of both pH meter and digital voltmeter is such, that a very 
significant increase in accuracy for measuring small differences in pH is 
obtained. The accuracy of absolute pH values is much less increased, because 
it is limited by factors such as buffer precision, liquid junction phenomena, 
response of the electrode etc.. 
The readings of the digital voltmeter are printed out via a converter (Peekel. 
Rotterdam, type PP9BA3) and a printer (ADDO-X). 
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The controlling unit of the whole equipment is the programmer. It consists 
of three coaxial disks. On each disk studs have been mounted which control, 
by means of microswitches, the several units.One disk with one stud com­
mands the timer which in turn commands the burette. The second disk, 
equipped with 10 studs, orders the digital voltmeter to measure the pH 10 
times with equal intervals of a few seconds. At the same time these readings 
are printed. The third disk orders the printer to add the 10 pH readings, 
giving directly the mean value. At the bottom of Fig. 3 one titration cycle is 
shown. All commands indicated are given by the programmer except the 
burette stop command, which is given by the timer. 
The titration vessel usually contained 3 ml of the protein solution, which 
was brought mostly to an ionic strength of 0.1 with KCl. KCl was also added 
to the titrant, to give it the same ionic strength. The titrations were carried 
out under nitrogen, argon or oxygen, a? desired. 
ΔρΗ 
"¿IT 
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0.Z5 -
O.ZO -
I 
ι 
0.15 - t 
l r «
I , , I
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15 10 5 . 0 - 5 -10 ZH 
Fig. 4. Differential titration curves of human HbO, Foreward and beck titrations of 
the same sample. I = O.I, temp. 25°. For meaning of bars see text. 
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In Fig. 4 is shown the differential titration curve of human Hb02. The same 
sample has been titrated two times forward and back Because the acid and 
base used have the same concentration, the experimental points of the forward 
and back titration curve coincide at the ZH-axis The bars therefore represent 
4 values of ΔρΗ/ΔΖ
π
, the top and the bottom of the bars giving the extreme 
values. These extreme values differ by not more than 2 % from the mean 
values of the 4 measurements. 
All curves represented in this study are the mean of at least one forward 
and back titration. 
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Fig 5 Differential titration curves of three different samples of human HbO,. For 
each sample the mean of one forward and back titration curve has been plotted. 
1 = 01, temp 25°. For further details see text. 
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Fig 6 Differential titration curve of horse MetMb at 25°. at ionic strength 0 04 (o). 
О 1 (drawn line) and 0 3 С) The desired ionic strength was attained with KCl 
Fig 5 represents the mean of one forward and one back titration, measured 
on three different samples (the interval between the three determinations 
is about one year, so other titrant solutions, other buffers etc were used) 
The deviation from the mean is now also about 2 % In one case the height 
of the second peak deviates more than 2 % (in Fig 5), of this sample, 
however, the differential titration curve of the deoxy form had been measured 
first, the lower value of — Δ ρ Η / Δ Ζ
Η
 is therefore probably due to the longer 
time It had been exposed to room temperature 
In most cases all experiments with one sample of blood were completed 
within one or two weeks after the isolation of the hemoglobin 
^k 
Derivatives of hemoglobin are always compared with the untreated hemo-
globin of the same sample 
The calculations of differential titration curves were executed on the IBM 
system 360/50, using a Fortran IV program 
1.8 Ionic strength dependence of differential titration curves 
When titrations are performed at different values of the ionic strength Í, 
this will influence the electrostatic interaction factor w Eqn 1 6 5 predicts 
that at different values of w, there is no alteration in the shape of the differen-
tial titration curve (the values of a, only depend on the difference in pK, and 
are not influenced by w) 
To test the influence of the ionic strength on the differential titration curve 
we studied the ionic strength dependence of horse myoglobin Myoglobin 
was chosen because it consists of one single chain As can be seen in Fig 6, 
a large part of the curve follows the expected behaviour The mean difference 
m w between 1 = 01 and I = 004 and between 1 = 03 and I = 0 1 , as 
found from these curves, is about 0 010 and 0 016 resp m the region between 
Z H = + 5 and ZH = —2 If we compare MetMb with the α-chains, these 
values both must be 0 018 (see Table I), so there is a reasonable agreement. 
At Z H values less than — 5 , there seems to occur a discrepancy We do not 
know whether this is significant, because the accuracy in this region is 
somewhat smaller. 
In Fig 7 are shown the experimental differential titration curves of human 
Hb0 2 at different values of I Around the first peak the same value of 
— Δ Ρ Η / Δ 2 Η IS attained, in spite of the different ionic strengths Only at Z H 
values roughly between Z H = + 8 and — 4 , the curves show the expected 
behaviour, as can be seen in Table II When we choose for hemoglobin the 
model, described in Section 1 5, the difference between each of the columns 
in Table II must be about 9 1 0 s (see also Table I) 
One might suppose that the approximations made to derive Eqn 1 6 5, 
are not valid There is however no experimental evidence to suppose that 
groups are liberated with decreasing Z H or that w changes appreciably in 
Table I 
Values of the electrostatic interaction factor w for human hemoglobin and the a-chalns 
w has been calculated with Eqn 15 2, R with Eqn 15 3, assuming v, = 0 74£ 
(Tanford, 1961), «5, = 02 (Tanford, 1961 , Pennock and Schwan 1969), M waa taken 
64 500 for hemoglobin and 15 750 for the α-chains, it was assumed that a = R + 2 5 A 
I w w 
hemoglobin g-chalr 
03 0 026 0 060 
01 0 036 0 078 
004 0046 0096 
00 0121 0184 
15 
Flg. 7. Differential titration curves of human HbO¡ at different ionic strengths. Curve A 
at I = 0.04, В at I = 0.1 and С at I = 0.3; the desired tonic strength was attained 
with KCl. Temp. 25°. 
Table II 
Experimental values of — Δ Ρ Η / Δ ^ Η o f human НЬО
г
 at different ionic etrengths (from 
Fig. 7). Temp. 25°. Ionic strength was adjusted with KCl. 
— Δ Ρ Η / Δ Ζ Η • 10s 
1 = 0.3 1 = 0.1 1 = 004 
12 
8 
4 
0 
-4 
-8 
107 
96 
89 
92 
112 
191 
110 
103 
97 
101 
125 
211 
111 
108 
107 
114 
138 
228 
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this region of the titration curve. In the next section it will be shown that at 
least in the isoiomc point no salt ions are bound, so it is unlikely that this 
deviation is due to binding of countenons. 
It may be that w = 0 for the groups titrated in this region. This can take 
place when groups occupy a special position in the molecule in such a way, 
that they do not feel the influence of added salt. Eqn. 1.5.1 in this case does 
not correctly describe the influence of the ionic strength. Because in this 
region Bohr groups are titrated, the phenomenon possibly can be correlated 
with the observations of Rossi-Bemardi and Roughton (1967) that the disso­
ciation of the Bohr groups does not obey Eqn. 1.51. Therefore the above 
mentioned deviation of Hb0 2 seems to be coherent with its tetramenc nature 
In our further calculations we shall nevertheless use Eqn. 1 6.5 to calculate 
differential titration curves, because it is, for our purpose, the only manageable 
model. The more realistic model of Tanford and Kirkwood (1957) as applied 
to the titration of horse Hb02, only gives a "moderately good fit of the 
titration curve" (Orttung, 1969), but this good fit is still worse than the results 
using the Linderstrem-Lang approximation. 
1.9 Ionic strength dependence of the isoiomc point 
The isoiomc point of human Hb0 2 is influenced by the addition of salt, as 
can be seen m Table Hi (see also Antonini, Wyman, Brunon, Bucci, Fronticelli 
and Rossi-Fanelli, 1963; Tanford and Nozaki, 1966). 
Scatchard and Black (1949) have derived the following formula for the 
effect of I on the isoiomc point, provided that no binding of ions occurs, 
and based on Eqn. 1.5.1 
(dpH. dw/dl d«ZH/dpH2 ) _ · (1.8.1) 
dl ' Z H = 0 (2.303)!! dZfl/dpH 
all terms being measured at the same ionic strength and other variables 
being kept constant. 
From the curves in Fig. 7 we have values of dZn/dpH and d2ZH/dpH*, 
dw/dl is calculated with Eqn. 1.5 2. These "calculated" values of dpH/dl can 
be compared with experimental values of dpH/dl, obtained by titrating an 
isoiomc HbO, solution with KCl 
Table III 
Influence of KCl on the ieolonlc point of human HbO, at 25°. For explanation see text 
ΔρΗ Δ'ρΗ ΔρΗ 
I isoiomc ——-IO* cale. 
pH Δ Ζ Η Δ Ζ Η ΔΙ 
004 
0.10 
0.30 
718 
7 27 
736 
0114 
0 101 
0 092 
33 
2.8 
24 
20 
07 
02 
ΔρΗ 
exp. 
ΔΙ 
—π— 
09 
03 
17 
As can be seen in Table III, these two values agree reasonably well, in­
dicating that probably no ions are bound in the isoionic point. 
1.10 Difference titration curves 
Curves representing the difference in proton charge of two proteins, 
measured at the same pH, we shall call difference titration curves Such 
difference titration curves are of value when only slightly different proteins 
are compared For a curve representing — Δ Ρ Η / Δ Ζ Η , De Brum and Van Os 
(1968) introduced the name differential titration curve It must however be 
noted that m other publications (see for example Wyman, 1948, ρ 460) the 
term "differential" sometimes is used, where we prefer the term "difference" 
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CHAPTER II 
DETERMINATION AND INTERPRETATION OF NORMAL AND DIFFERENTIAL 
TITRATION CURVES OF HUMAN HEMOGLOBIN, SOME OF ITS 
DERIVATIVES AND ITS CONSTITUTIVE a- AND /Î-CHAINS 
21 Introduction 
Since the preparation of the isolated a- and ^-chains of human hemoglobin 
in their native state has become possible (Bucci and Fronticelli, 1965) a 
number of studies have been performed on these chains Such studies offer 
the possibility to compare the proporties of hemoglobin with those of the 
constitutive a- and ^-chains 
The helical content of the separated chains as judged from circular dichroism 
(Beychok, Tyuma, Benesch and Benesch, 1967) appears to be identical with 
that of the tetramer Most properties, however, are different The oxygen 
affinity for example is higher for the subumts than for hemoglobin The Bohr 
effect, being a result of the interaction between the chains, is absent in the 
a- and (S-chams (Antonini, Bucci, Fronticelli, Wyman and Rossi-Fanelli, 1965a) 
It is now also possible to study the several classes of protomc groups in the 
subumts with regard to their number and pK These protomc parameters may 
be different in the isolated chains and in hemoglobin As already mentioned 
in Section 1 3 a number of His residues in hemoglobin is not titratable and 
one may ask how these residues are distributed among the a- and ^-chains 
Some of these problems have already studied by Bucci et al (1968) and 
by Yip and Bucci (1968) by means of normal titration curves they found a 
difference in the protomc parameters of the His and Lys residues in hemo-
globin and in the isolated subumts 
In this chapter a study of human hemoglobin, some of its derivatives and 
the subumts by means of normal and differential titration curves is given 
As described in Section 1 6, differential titration curves give information about 
the number of titratable groups without the necessity of any kind of calcula-
tion, in contrast to the analysing procedures as proposed by Tanford (1962) 
and Tanford and Nozaki (1966) A comparison of the differential titration 
curves of chemically modified and untreated proteins therefore easily gives 
important Information The capabilities of our procedure will further be shown 
in this chapter To obtain pK values from the differential curves similar, 
rather laborious calculations are required as for normal titration curves 
2 2 Materials and methods 
Human hemoglobin solutions were prepared from red blood cells following 
a somewhat modified method of Drabkm (1946) red blood cells were isolated 
from heparlmzed or citrated whole blood by centnfugatmg during 5 mm at 
20 
10 000g. the cells were then washed 5 times with 1 % NaCI solution, cen-
tnfugatmg each time again 5 mm at 10 000g After the last washing the 
supernatant NaCI solution was carefully removed after which one volume of 
distilled water and one half volume of toluene was added The solution was 
shaken vigorously during a few minutes After 24 hours the two layers were 
separated and the mostly clear hemoglobin solution was centnfugated 15 mm 
at 10 000g Any supernatant material which mostly appeared if the hemoglobin 
solution was not clear, was syphoned off. The resulting solution was then 
dialysed overnight against distilled water, any smell of toluene had then 
disappeared During the whole procedure the hemoglobin was kept as much 
as possible at about 4° If the Hb/Hb02 form was studied the hemoglobin 
was kept in the oxygen form In all other cases the hemoglobin was converted 
to the CO form by passing CO gas over the solution No titrimetnc difference 
could be detected between Hb02 and HbCO The modifications of hemo-
globin studied in this chapter were prepared starting with HbCO for sim-
plicity however these modifications will be indicated here as Hb02 derivatives 
The a- and ^-chains of human hemoglobin were prepared by reaction 
between HbCO and sodium p-hydroxymercunbenzoate (PMB) following the 
method of Bucci and Fronticelli (1965) under the optimal reaction conditions 
given by Rosemeyer and Huehns (1967) The a- and ^-chains prepared in this 
way have SH groups blocked by PMB These chains, further designated by 
the symbols aPMB and /9PMB, were studied in the CO form 
To obtain the intact tetramenc molecule with only the reactive SH groups 
blocked by PMB, a slightly modified procedure was followed the PMB was 
dissolved in water, some NaOH had to be added to obtain a clear solution, 
this solution was then neutralized with acetic acid until a slight turbidity 
appeared This was added to a 3 to 4 % solution of HbCO in water After 
the addition the pH was about 7 The solution was allowed to stand overnight 
In the cold and then dialysed against diátilled water About 3 equivalents PMB 
per molecule hemoglobin were used 
Hemoglobin with SH groups blocked by lodoacetamide was prepared by 
reacting HbCO and lodoacetamide under the conditions given by Taylor, 
Antonini, Brunori and Wyman (1965) The reaction was mostly followed by 
observing the decrease in pH (about 0 2) of the solution, to which solid 
lodoacetamide was added In a similar way the SH groups were blocked 
with N-ethylmaleimide 
Human apohemoglobin was prepared by the acid-acetone method of Rossi 
Fanelli, Antonini and Caputo (1958) 
MetHb was prepared by oxidation of a hemoglobin solution by adding two 
equivalents of K3Fe(CN)e per chain 
HbOj was deoxygenated by alternately evacuating a Hb02 solution and 
shaking it with argon 
All protein solutions were extensively dialysed against distilled water and 
subsequently deionized by passing the solutions repeatedly over a mixed 
ion exchange column as described by De Bruin et al (1969) Our efforts to 
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deionlze a globin-protoporphyrin IX complex (Rossi Fanelli, Antonini and 
Caputo, 1959) failed, because the porphyrin became bound to the ream 
The concentration of the aP M B- and /SPMB-chains (in the CO form) was 
measured spectrophotometrlcally at 540 τημ using a value of E 1 ^ = 8 6 
1 cm 
for HbCO All other concentrations were determined by drying to constant 
weight at 105° The concentration of apohemoglobm, aPMB-and ^^-chalns 
was about 0 5 % The concentration of apohemoglobm was chosen so low 
because at higher concentration the solubility of the protein decreases during 
the deiomzmg process In all other cases a concentration of about 2 % 
was used 
The titrations were performed at a ionic strength of 0 1 (KCl) and at 25° 
except for apohemoglobm which had to be titrated at 5° because at 25° the 
protein became partly insoluble Constant Ionic strength during the titration 
was achieved by adding the necessary amount of KCl to the titrant 
Normal and differential titration curves were measured as described in 
Section 1 7 
The calculations were earned out considering the chains as monomers and 
hemoglobin (molecular weight 64 500) as a tetramer 
2 3 Normal and differential titration curves of the aPMB-chains 
In Fig 8 the normal and differential titration curves of the aPMB-chains are 
shown The first peak of the differential titration curve is near Z, = 6 and the 
second one at Z,, = — 2 , so 8 groups are titrated In the neutral region. If 
one of them is the α-amino group, then 7 imidazole groups are tltratable 
This number la also found by Bucci et al (1968), using the calculation proce­
dure of Tanford and Nozaki (1966) In the differential titration curve the number 
of tltratable His residues can simply be read from the peak-to-peak distance, 
without any calculation, which clearly demonstrates one of the advantages 
of the differential curve. 
Table IV 
Partial amino add composition of human hemoglobin Data from Dayhoff (1969) 
groups 
a-COOH 
Asp 
Glu 
Heme COOH 
His 
a-NH, 
Lye 
Тут 
Cys 
Am 
a-cham 
1 
8 
4 
2 
10 
1 
11 
3 
1 
3 
^-chali 
1 
7 
8 
2 
9 
1 
11 
3 
2 
3 
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Flg. 8. Normal and diflerential titration curve of the aPMB-cha(ns Drawn fines have 
been calculated using the parameters of Table V. Protein concentration 5 mg/ml. I 
= 01, temp 25° 
Because in the af^-chains no free SH groups are present Eqn. 1.6.8 can 
be applied. The amino acid analysis — see Table IV — gives nL7< + n A l ï 
= 14 and n C 0 0 H = 15; when we take into account the extra carboxyl group 
from the PMB then nCOOH = 16. Therefore we expect Z,! = —2, as Is Indeed 
found experimentally. Consequently it may be concluded that In these chains 
all carboxyl groups and all Lys and Arg residues are titratable. 
The calculated curves of Fig. β were obtained as described in Section 
1.6. Z m a l was taken as being equal to the sum of the number of groups 
titrated between the two peaks (8) and the number of Lye and Arg residues. 
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The Lys and Туг residues were taken as one class with the same pK and 
only 2 of the 3 Tyr residues were assumed to be titratable (Hermans. 1962; 
Yip and Bucci, 1968) The side chain carboxyl groups were divided in two 
classes viz the Glu and Asp residues, to which a pK of 4 5 and 4 1 resp 
was attributed (Nozaki and Tanford, 1967a). For all other carboxyl groups 
a pK of 4.5 was chosen (the terminal carboxyl group has a pK lower than 
4 5 but this will hardly Influence the differential titration curve). The parameters 
needed for a good fit are listed in Table V. As can be seen the peaks indeed 
represent true equivalence points. 
Table V 
Parameters uaed to calculate the normal and differential titration curves of the 
aFMB-chaln8 
number of 
groupe 
8 
β 
7 
1 
13 
шах = 21 8 0 868W = 
pK 
41 
45 
β.7 
80 
103 
= oo5ô 
1
 • • • • ' 
5 6 7 β 9 pH 
Fig 9. Number of His residues, titrated In the αΡΜΒ-chams (o) and ßPMB. chains (·) 
The calculations were performed as described In the text 
2k 
7.0 
6.5 
6.0 
5 0 - 5 Z H 
Fig 10 Determination of pKms end 086βιν for the aPMB-chalns (o) and for the 
ßPMB-chains (*) For explanation see text 
The listed pK values must not be taken too absolutely. A good fit for 
example can also be obtained if the pK of all carboxyl groups is 4.3; this, 
however, does not affect the number of titratable His residues 
The finding of 7 titratable His residues means that 3 remain masked. Among 
these is very probably the proximal His at position F8. It should further be 
noted that, if the terminal ammo group of the free α-chain has the same pK 
near 7 as It has in HbCO (Hill and Davis, 1967), which is not unlikely, the 
presence of a His residue with a pK of 8 must be accepted It is possible that 
this is the distal His at position E7 because a positively charged group near 
the heme will stabilize the Fe21- state (Perutz and Lehman, 1968). 
Our titration results can also be given as proposed by TanPord and Nozaki 
(1966) by plotting the number of titrated His residues ( r H u ) vs. pH (see 
Section 1.5) We then apply Eqn 1.5 4. Z ^ and Σ,'ημ, are calculated using 
the data of Table IV and V. Z H is experimentally found. In Fig. 9 the result 
. / 
/ 
У 
/ 
J 
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le given. As expected rHia becomes zero at low, and 7 at high pH values. The 
drawn line in Fig. 9 represents rHi„ If In Eqn. 1.5.4 the calculated value of 
2 H Is also Introduced. 
As outlined in Section 1.5 we can plot pH — log (ан,»/(1-ані
Ч
)) vs. Z H for 
the Q-chains. This has been done In Fig. 10, from which we find 0.868w = 0.067 
and pKHla = 6.8. These values do not differ much from those of Table V, so 
the different analysing procedures give about the same results. The results 
also correspond reasonably well with those of Bucci et al. (1968) who found 
0.868W = 0.055 and pKHi(, = 7.0. 
Fig. II. Normal end différentiel titration curve of the ßPMB-chams Drawn lines have 
been calculeted using the paremeters of Teble VII. Protein cone. S mg/m/, / = 0.1, 
temp. 25°. 
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2 4 Normal and differential titration curves of the /^^-chalne 
The normal and differential titration curves of the ^PMB-chains are shown 
in Fig 11. The number of His residues can not directly be read off as in the 
case of the aPMB-chains because there is only one clear peak in the differential 
titration curve, located at Z H =—4 7 Applying Eqn 1 6 8 we find, using the 
data of Table IV and assuming that two molecules PMB per chain have been 
bound (Rosemeyer and Huehns, 1967, Tyuma, Benesch and Benesch, 1966) 
Z,, = —6. Therefore one carboxyl group seems not to be titrât able. We have 
no clear explanation for this It is possible that Initially two molecules of 
PMB are bound but that only one molecule PMB per chain remains bound 
after deionizing This behaviour may also be caused by the fact that the 
^-chains do not act in solution as pure monomers, since they easily 
associate to dimers and tetramers (Bucci, Fronticelll, Chiancone, Wyman, 
Antonini and Rossi-Fanelli, 1965). Another possibility is thst one of the PMB 
carboxyl groups is not tltratable (see also Section 2 5 where it is shown that 
In Hb and Hb02 all carboxyl groups are tltratable) 
In order to obtain an indication about the number of tltratable His residues 
we proceed as follows. Using Eqn. 1.4.2 we obtain for the aPMB-chains In 
the pH region 4.8 to 5.8 
Ζ
Η . ο Γ
2 2
 "
 ( n C 0 0 H a C 0 0 H " n H i s a H i s a 
For the other classes the degree of dissociation will be zero In this pH region. 
When applied to the ^-chains we find 
е
= ( 1 5 +
 nH¡s.s ì " Чоон^оон^н^н^в 
Let Δ 2
Η
 be the difference between Z H ^ and^ Ζ
α
.β at the same pH, I.e. 
Δ Ζ Η = (ΖΗ,Ο — ZH.0) PH 
Then we obtain 
A2H=7"nHis.ß"(nCOOHaCOOH+nHisaHisia+(nCOOHaCOOH+nHiSaHisiß 
We now make the reasonable assumption that in the pH region concerned 
the two terms (nHisaiiis). and (пнцанів) practically cancel out because both 
ани. ßand анів- are near zero and пн,в
а
 and пн« о will not differ more than 
one or two To evaluate пни.-, α was estimated in 3 different ways: 
p CO OH 
A) with p K p ^ j , = 4.1 and w = 0 
B) with рКадад = 4 5 and w = 0 
C) with pKA e p = 4.1. all other COOH groups pK = 4 5 and 
0 868W = 0.050 
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Table VI 
Number of titratable His residues In the /?PM& chains, nHlsQ was calculated as de­
scribed In the text 
A 
6 0 
6 0 
6 1 
6 2 
6 5 
6 6 
"HlSfl 
Β Ρ 
5 3 
5 9 
5 9 
6 0 
6 1 
61 
С 
58 
5 7 
5 6 
5 6 
5 7 
5 7 
pH 
5 8 
5 6 
5 4 
5 2 
5 0 
4 8 
Δ Ζ
Π Γ 
3 92 
3 90 
3 78 
354 
3 20 
2 85 
Αβ can been seen in Table VI in all these cases ΠΗ,β fi tends to 6 These 
6 Imidazole groups can not all have the same pK because the differential 
titration curve then should resemble that of the аРМВ-сГіаіп8 Therefore we 
have tried to compute a curve with more imidazole classes The parameters 
needed have been listed in Table VII To the carboxyl groups the same pK 
values were assigned as for the α-chains If one of the groups with a pK of 
8 is the α-amino group, then the other groups with a pK of 5 6 б 7, 7 4 and 
θ 0 must be imidazole groups, so for the /?-chains too, we have to accept a His 
residue with a pK of 8 Bucci et al (1968) found in their analysis 7 titratable 
His residues, ι e one more, but they also had an indication (from an abnormally 
high value of w) that the imidazole groups in the /iPMB-chains may have 
different pK values 
We can, as we did for the aPMB-chains, also analyse our results with 
Eqn 1 5 4 This has been done in Fig 9 and Fig 10 Since in this analysing 
procedure only one value of pKm« is permitted, the values of рКнш (6 5) and 
0 868w (0 23) found from Fig 10 must be different from ours (Table VII). 
Table VII 
Parameters used to calculate the normal and differential titration curves of the 
P^MB-chalna 
number of 
groups gK 
7 41 
12 4 5 
2 56 
2 67 
1 74 
2 30 
14 10^ 
Zmax = 21 0 868W = 0 050 
2 5 Normal and differential titration curves of Hb and H b 0 2 
Fig 12 shows the normal and differential titration curves of Hb and HbO, 
The difference between the two curves is caused by the Bohr groups which 
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Fig. /2. Normal end differential titration curves of human НЬ С) and НЬО
г
 (о). Drawn 
lines are calculated using the parameters of Table VIII. Protein concentration 20 mg/ml, 
I = 0.1, temp. 25°. 
have different pK values In the two forms, as mentioned In Section 1.1. The 
differential curves resemble those of bovine hemoglobin (De Bruin et al., 
1969); especially that part of the curve between Z H = 0 and Z H = — 10 is 
nearly indentical. At the acid 'Bide of Z H on the contrary there Is some 
difference reflecting the fact that particularly the acid Bohr groups have 
different pK values in bovine and human hemoglobin. 
For human Hb and HbOz the values of Z, are 13 and about 16 resp.. The 
exact determination of the latter value Is difficult because the curve is very 
flat in this region. Z,, is found at — 1 0 both for Hb and Hb0 2 , as for bovine 
hemoglobin. Applying once again Eqn. 1.6.8 we find Zu = —10. Therefore 
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as for the aPMe-chains, all COOH groups and all Arg and Lys residues seem 
to be titratable Consequently It Is very likely that also In the /fMB-chains 
all these residues are titratable despite the discrepacy of one group, mentioned 
In the previous section 
The distance between the two peaks in Hb and Hb0 2 Is 23 and 26 resp 
This difference arises because of the different state of ionization of the 
Bohr groups For a first estimation of the number of titratable His residues 
we start with Hb If 4 of the 23 groups titrated between the two peaks are 
α-amino groups, then there are bout 19 titratable His residues We now have 
a tentative value of Z m a x of 79 (see Table IV) Starting from this value we 
tried to calculate the curve in order to find a more definite value For this 
calculation the Lys, Туг and Cys residues were considered as one class, 
assuming all Cys but only 8 Tyr residues to be titratable (Hermans, 1962), 
all with the same pK of 10 65 The fact that Eqn 1 6 θ holds, justifies our 
assumption about the pK of Cys residues, another argument that the SH 
groups are not titratable in the neutral region will be given in the next 
section We further assumed that of the 66 carboxyl groups 4 are the acid 
Bohr groups The parameters needed to obtain a well fitting curve are given 
in Table VIII The neutral groups had to be divided into the 4 normal Bohr 
groups 16 groups with a pK 7 1 and 4 with a pK of 8 0 If 4 of the neutral 
groups are α-amino groups then 20 His residues out of 38 are titratable, 
assuming that the acid Bohr groups are COOH groups 
Table VIII 
Parameters used to calculate the normal and differential titration curve of human 
Hb and HbO, 
number of 
groups 
62 
4 
4 
16 
4 
5Ç 
pK value 
in Hb 
45 
55 
80 
71 
8 0 
10 65 
pK value 
In HbO, 
45 
63 
635 
71 
80 
10 65 
Zm-ix = 79 7 0 868W = 0 023 
For bovine hemoglobin De Brum et al (1969) found pK^Qg = 4.25, In 
contrast with 4 5 for human hemoglobin This is somewhat surprising because 
the structure of the two proteins is probably very similar When a pK of 4 25 
was assigned to the carboxyl groups of human hemoglobin a good fit could 
only be obtained if two groups with pK = 7 1 got a pK of 6 0 leaving all other 
parameters the same At the moment there is no clear indication for the 
presence of such groups It must be stressed however that this does not 
influence the number of titratable groups 
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The calculated curve of Hb0 2 can be obtained by merely changing the 
pK values of the Bohr groups as indicated in Table VIII The pK values of the 
Bohr groups as estimated by us are roughly the same as found by Antonini, 
Wyman, Brunorl, Fronticelli, Bucci and Rossi-Fanelli (1965), who reported for 
the normal Bohr groups 6 3 and 7 7 and for the acid Bohr groups 6 3 and 5 5 
In Hb and Hb0 2 resp When we use the pK's of the Bohr groups given by 
Rossi-Bemardl and Roughton (1967) the first peak in the differential titration 
curve does not shift enough upon oxygenation, this arises because the pK 
change of the acid Bohr groups from 5 6 to 5 0 as given by them is too small 
6 7 θ 9 pH 
Fig /3 Number of His residues titrated m human Hb (*) and HbOt (o) The calculations 
were cerned out described in the text 
Again, as for the σΡΜΒ- and
 iSPMB-chains, a plot of гн19 vs pH was made 
taking into account only the 16 residues with pK = 7 1 (Table VIII) As 
expected (Fig 13) the curves of Hb and Hb0 2 practically coincide The drawn 
line represents гн» if In Eqn 1 5 4 the calculated value of Z H IS also substituted 
A plot to determine рКн« and 0 868w can be seen in Fig 14 For НЬО
г
 we 
find 0 868w = 0 020 and рКн,8 = 7 1 For Hb there Is a greater deviation 
from linearity making the determination more difficult. 
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A remark has further to be made about the number of tltratable His residues 
Assuming that the acid Bohr groups are carboxyl groups we found 20 tltratable 
imidazole groups Bucci et al (1968). making the same assumption, found a 
number of 20 to 24, while Tanford and Nozaki (1966) report a number of 22 
If we accept the number of 20 and compare this with our number of tltratable 
Imidazole groups In the aP M B- and /J^-chams (7 and 6 resp ) It is seen that 
In hemoglobin 14 + 12 — 20 = 6 histldmes less are tltratable than In the 
constituent chains It seems reasonable to suppose that these groups are 
situated at the interface between the chains and become tltratable when the 
molecule dissociates Perutz et al (1968) have given an analysis of the groups 
In horse hemoglobin that are situated at the contact area between the chains 
Among these groups are Indeed 6 imidazole groups (His G10(103)a, His 
H5(122)a and His FG4(97)/J). which are also present in the same position in 
human hemoglobin A clear conclusion from Perutz' model about the tltra-
tablllty of these groups however is difficult 
It should be stressed that the number of 20 tltratable His residues in 
hemoglobin is based on the assumption that the 4 acid Bohr groups are 
carboxyl groups It is in our opinion equally well possible that these groups 
are imidazole groups This would mean that ZmlL:L increases by 4 and so 66 
carboxyl groups of pK = 4 5 instead of 62 are now needed to hold the first 
peak on the experimentally found position The influence of this alteration 
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on the calculated curve is very small In this case the hemoglobin molecule 
would have only 2 His residues less titratable than the constituent chains. 
2 6 Differential titration curves of human Hb0 2 after treatment with lodoacet-
amide, N-ethylmaleimide and p-hydroxymercunbenzoate 
In recent titration on human hemoglobin (Tanford and Nozaki, 1966, 
Bucci et al, 1968) different assumptions on the number of titratable SH 
groups are made In our calculation all 6 SH groups were assumed to have 
the same pK of 10 65 This means that the sulphydryl groups are not titrated 
in the neutral region, whereas if these groups have a pK of 9 1 as was assumed 
m the studies mentioned, they are partially titrated between the two peaks. 
We have seen that for the aPMB-chains as for hemoglobin the second peak 
is found at the expected value of Ζ
Η
, indicating that all С ООН groups and all 
Lys and Arg residues are titratable If the SH groups had a pK of 9 1 as was 
assumed by the authors mentioned, then OSH at Z,, (pH = 8 9) is about 0 3 
and the second peak in the differential titration curve of Hb0 2 has to be 
found at — 1 0 6 if two, and at — 1 1 8 if all 6 SH groups are titratable The 
finding that Zu lies at — 1 0 is a strong argument for the assumption that no 
SH groups are titrated in the neutral region 
This view is supported by titration studies of hemoglobin modified by 
blocking the two reactive SH groups (Riggs, 1961) located at position 93 in 
the ^-chains (Goldstein, Guidetti, Königsberg and Hill, 1961) lodoacetamide 
reacts readily with these SH groups Study of hemoglobin modified in this 
way can reveal to what extent the SH groups are titrated between the two 
peaks 
In Fig. 15 representing the differential titration curves of Hb02 and Hb02 
with the two reactive SH groups blocked with lodoacetamide (Hb02IAA) it 
can be seen that the position of the second peak remains at ZH = —10. 
Therefore the conclusion seems to be justified that no SH groups are titrated 
between the two peaks. However a pK of 10 65 for these groups, as was 
assumed in the previous section, seems too high. This can be seen as follows. 
In the Hb02 curve the height of the peak at Z,, is 0 292. With the two SH 
groups blocked, i.e with 54 instead of 56 groups of pK = 1065 (Table VII), 
we calculated a peak height of 0 297, while experimentally a value of about 
0 315 is found. Clearly in Hb02 the contribution of the two SH groups to 
η,α,Ο-α,) m Eqn 1 6 5 must be greater than was assumed. Since this con­
tribution, which is 2азн0-азн). Increases when рКзн approaches the pH of 
the peak (maximum when the pH is equal to рК5н) we have to assume that 
рКзн Is smaller than 10 65 On the other hand a pK of 9.1 is too low because 
after blocking, assuming two titratable SH groups, calculation shows that 
the height of the second peak would become 0.390 (assuming азн = 0.3 at 
pH = 8.9, the approximate pH at Z,,). 
Fig Γ5 Différentiel titration curve of human Hb02 (curve A) end HbOJAA (curve B) 
Drawn lines have been calculated as described in the text Protein cone 20 mg/ml, 
I = 0 /, temp 25° 
We had to assign a pK of 9 9 to these SH groups to obtain the experimental 
value, while a slightly increased pK of 10 7 for the Lys and Tyr residues and 
the 4 other SH groups was necessary m order to retain the same calculated 
curve for Hb02 as was found from the parameters of Table VIII. Of course 
Zu can not exactly remain at —10 after blocking However, the shift in the 
position of Ζ,, is not detectable because п8на8н is only about 0 12 The 
estimated pK value of 9 9 agrees with the statement of Guidotti (1967) that 
this pK must be greater than 9.5 Our assumption that the other 4 SH groups 
are titratable may be wrong since it appeared from X-ray analysis that these 
3* 
groups might be maccesable (Perutz, 1965) However even iF these groups 
do not exchange protons with the solvent this will hardly affect our calcula­
tions, because of the large number of other groups with the same pK and 
because the same assumptions are made both for modified and untreated 
hemoglobin 
Fig 15 also shows that upon substitution the left peak is shifted about two 
groups Since the height of the second peak remains unchanged, this means 
that in the neutral region two (probably imidazole) groups more are titratable, 
which are masked in untreated hemoglobin The pK of these groups is about 
6 8 This result is somewhat surprising because it is known that Hb0 2 with 
the SH groups blocked with N-ethylmaleimide does not show detectable 
structural difference (Perutz et al, 1969) We therefore determined the 
differential titration curve of Hb0 2 after treatment with N-ethylmaleimide, 
which also reacts with the reactive SH groups In Fig 16 the differential 
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Fig /6 Experimental differential titration curves of human HbO, ( •), HbOtNEM (o) and HbOgPMB (·) Protein cone 20 mg/ml, 1 = 01. temp 25° 
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titration curve of this substituted hemoglobin is shown Here the height of 
the second peak also increases as compared with H b 0 2 In contrast to 
Hb02IAA the distance between the two peaks is not increased but is somewhat 
smaller This may be due to reaction of N-ethylmaleimide with His residues 
The liberation of two groups, observed in Hb02IAA does therefore not occur 
in Hb02NEM 
Benesch and Benesch (1961) have suggested that after binding of N-ethyl-
maleimide an uncharged imidazole group hydrolyses the succmimide ring, 
forming an extra carboxyl group As however Z,, remains at —10 in Hb02NEM 
it is not likely that this occurs 
We also studied hemoglobin modified in the SH groups by reaction with 
p-hydroxymercunbenzoate Under the proper conditions there is no dissocia­
tion into subumts while only the /?93 SH groups react The difference with 
the derivatives mentioned above is that now two extra carboxyl groups are 
introduced Eqns 1 6 6 and 1 6 7 predict that the whole titration curve will 
shift two units to lower Zn-values In Fig 16 it can be seen that Z,, is now 
indeed found at—12 There is however a remarkable difference with Hb02NEM 
Whereas the experimental value of —ΔρΗ/ΔΖπ for Hb02NEM at Z,, is about 
0 32, in HbO,PMB this value is only 0 27 Such a lower value indicates that, 
in comparison with Hb02,some groups from the neutral region have obtained 
a somewhat higher pK [a similar situation occurs upon oxygenation of Hb, 
see Fig 12) The PMB groups Introduced seem to cause a rise in the pK of 
some groups A possible explanation could be the following m Hb there 
seems to exist a hydrogen bond between His HC3(146)/? and the carboxyl 
group of Asp FG1(94)ß (Perutz et a l , 1969) It is possible that a similar type 
of bond exists in Hb02PMB, but this time between the carboxyl group of PMB 
coupled at Cys F9(93)/? and the same His residue 
Titration studies of the deoxy form of these chemically modified hemo-
globins would be necessary to get more information about these findings 
2 7 Normal and differential titration curves of apohemoglobin 
As already mentioned in Section 1 1 the heme group is linked to the globm 
chain by several bonds among which a covalent bond between the iron atom 
and the proximal histidme It is therefore to be expected that on removing 
the heme group from hemoglobin at least 4 imidazole groups become titratable, 
resulting in a shift of the first peak to higher Zu values 
Fig 17 shows the differential and normal titration curves of apohemoglobin 
Around the second peak the forward and back titration curves coincide, but 
a pronounced irreversibility is seen near the first peak of the differential 
titration curve 
36 
Fig 17 Normal end differential titration curve of apohemoglobin Curve A has been 
obtained coming from high pH, curve В represents the back titration Because of the 
small differences between the normal titration curves only the one corresponding to 
curve A Is given Protein cone 5 mg/ml, 1 = 01, temp 5° 
Because we found that all carboxyl groups in hemoglobin are titratable 
the 8 groups belonging to the heme groups included, it could be expected 
(Eqn 1 6 8) that, on removing the heme groups and thus diminishing the 
number of carboxyl groups from 66 to 58, Z^ will shift from — 1 0 to — 2 . 
This peak however is found near Z H = — 5 An explanation would be that 
Z m a l in apohemoglobin is 3 units less than in hemoglobin but it seems very 
improbable that upon removing the heme groups, some basic groups become 
masked It is more likely that SH groups or Tyr residues (or a combination 
of both) are titrated at a much lower pH in apohemoglobin than in hemo­
globin itself Since Yip and Bucci (1968) recently found a pK value of 10 4 
for the Tyr residues in human globin we are led to the conclusion that the 
groups mentioned must be SH groups If all 6 SH groups are titratable in 
apohemoglobin with the same pK then the shift of 3 units can be explained 
when their degree of ionization at Zu is about 0 5 This means that their pK 
must be near 9 because the pH at Zn is 9 2 
The irreversibility of the titration curve in the region of the first peak, 
which is probably due to a dissociation of the globin molecule (Rossi Fanelli 
et al, 1958, Hrkal and Vodrazka, 1968), makes an analysis fairly difficult 
It is however quite reasonable to assume that the peak-to-peak distance In 
curve A -going to low pH- indicates the maximum number of groups titrated 
in the neutral region, because the left peak of the back titration curve is 
shifted to the right From this distance — 34 groups — we calculated that In 
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Fig 18 Differential titration curve of HbOÏ (о) and MetHb (·) Drawn line has been 
calculated with the parameters of Table VIII, taking into account 4 extra groups with 
a pKot 8 0 and increasing Zmax with 4 units 
globm 11 groups more are titrated than in hemoglobin Among these are the 
3 SH groups. This means that on removing the heme groups about 8 His 
residues become titratable. Four of these groups are most probably the 4 
proximal His residues. The position of the other 4 remains uncertain but it 
can be expected that these groups belong to those which become unmasked 
upon splitting of the hemoglobin Into the separated chains. 
2.8 Differential and difference titration curves of MetHb 
As mentioned in Section 1.1 MetHb differs from Hb0 2 in that it has 4 
additional groups with a pK of 8 (Antonini, Brunon, Caputo, Chiancone, Rossi 
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Fig 19 Difference in ZH of MetHb and HbO. measured et the same pH (o) and (·) 
represent two different samples Drawn line has been calculated as described In the text 
Fanelli and Wyman, 1964, Bru non, Amiconi, Antonini, Wyman, Zito and 
Rossi Fanelli, 1968) In Fig 18, the differential titration curve of MetHb le 
shown As expected the distance between the two peaks Is about 4 units more 
Because it Is difficult to determine the precise position of Z, in both HbOt 
and MetHb this distance can more easily be read from this figure by ob­
serving the region from Z H = 8 to 12 in НЬО
г
 The second peak remains 
at —10, as predicted from Eqn 1 6 8 , only the peak height has decreased 
because of the presence of the 4 extra groups (an analogous alteration 
occurs upon deoxygenation of Hb02, see Fig 12) 
The theoretical differential titration curve of MetHb can be calculated 
from the parameters of Hb0 2 (Table VIII), but with Z m „ 4 units more and 
taking into account 4 additional groups with a pK of 8 0 The agreement 
however between the experimental and the calculated differential titration 
curve of MetHb is much less than in the case of Hb0 2 (see Fig 12) It Is 
possible that the oxidation Bohr effect is responsible for this discrepancy 
(Brunon, Taylor, Antonini and Wyman, 1969) this means that some more 
groups change their pK m Hb0 2 when it is converted to MetHb 
We also determined the difference titration curve of MetHb and Hb0 2 
This experimentally found curve can be seen m Fig 19 At high pH the points 
do indeed tend to zero, but at low pH Δ Ζ Η becomes 3 The calculated 
difference curve agrees well with the experimental points as can be seen 
in the same figure In Table IX a part of the calculation Is shown From this 
39 
Table IX 
Part of the calculation of the difference in Z H between MetHb and HbO, at pH = 5 
For HbO,. Z m a x = 79 6 (see Table VIII) and for MetHb, Z m a I = 796 + 4 = 83 6 
From the values listed one can easily derive that, at pH = 5, for HbO, the values of 
Ση,α. = 57 83, whereas for MetHb Ση,α, = 58 84 
PK, 
4 5 
6 3 
635 
71 
8 0 
10 65 
Πι 
H b 0 2 
62 
4 
4 
16 
4 
56 
Пі 
MetHb 
62 
4 
4 
16 
8 
56 
at 
H b 0 2 
.909 
137 
124 
025 
003 
000 
β ι 
MetHb 
.922 
157 
142 
029 
004 
000 
η,α, 
HbO, 
56.38 
55 
50 
40 
02 
00 
η,α, 
MetHb 
57.16 
63 
57 
46 
02 
00 
table w e f ind that, at pH = 5, Z H ешь = 83 6 — 58 8 and Ζ Η Η Η Ο 2 = 
79 6 — 57 8 and Δ Z u does indeed become 3 This is mainly caused by the 
dif ferent degree of ionization of the carboxyl groups in the two proteins, due 
to the dif ferent charge 
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CHAPTER III 
DETERMINATION AND INTERPRETATION OF THE NORMAL AND 
DIFFERENTIAL TITRATION CURVES OF HORSE HEMOGLOBIN 
AND SOME OF ITS DERIVATIVES 
3.1. Introduction 
Human and horse hemoglobin are the most studied and best known hemo-
globins The quaternary and tertiary structure of human and horse hemoglobin 
are the same, as revealed by X-ray studies at 5 5 A resolution (Muirhead et 
a l , 1967, Bolton, Cox and Perutz, 1968) Moreover a three dimensional Fourier 
synthesis of horse Hb02 at 2 8 A resolution is available (Perutz et al., 1968) 
The primary structure, however, differs in about 40 residues. Most of these 
exchanges are replacements with residues of the same nature such as 
replacement of polar residues at the surface by other polar residues and 
of non-polar residues in the interior by other non-polar residues These 
differences In primary structure appear to have only little influence on the 
three dimensional structure (Perutz, Kendrew and Watson, 1965). 
By undertaking a similar titration study of horse hemoglobin as has been 
described in the previous chapter for human hemoglobin we aimed to confirm 
the large similarity of both proteins Moreover we had hopes that, by com-
paring the results, we would be able to say something about the position of 
the various titratable groups in both molecules 
A complication is that horse hemoglobin consists of two components 
(Cabannes and Seram, 1955, Bangham and Lehmann, 1958), the differences 
of which are known (Kilmartm and Clegg, 1967) Because the studies per-
formed hitherto on horse hemoglobin were always done with the naturally 
occurmg mixture of the two components (see for example Geddes and Stem-
hardt, 1968, Molday and Stemhardt, 1969, Stemhardt and Hiremath, 1967, 
Tanford and Nozaki, 1966), we first studied both components separately 
3.2 Materials and methods 
Horse hemoglobin solutions were prepared as described in Section 2.2 
The two components of horse hemoglobin were separated as described by 
Perutz, Stemrauf, Stockell and Bangham (1959) By this method the ao 
called slow and fast component are obtained as MetHb. The separated 
fractions were concentrated by means of a Diaflo Ultrafiltration cell, using a 
UM-10 membrane, to a concentration suitable for titration The slow and fast 
component were converted to the cyanomet form by addition of solid KCN. 
The success of the separation was checked by means of Polyacrylamide gel 
electrophoresis at pH 8 
h2 
All other derivatives were prepared as described in Section 2.2 for human 
hemoglobin. 
Horse MetMb was obtained from Baker (1x crystalline, lyophlllsed). By 
adding a slight excess of KCN, MetMbCN was prepared. 
The calculations were based on a molecular weight of 64 300 for horse 
hemoglobin and 17 400 for horse myoglobin (Dayhoff, 1969). 
3.3 Titration studies on the two components of horse hemoglobin 
As already mentioned horse hemoglobin consists of two components roughly 
In equal amounts. These two components normally are called slow and fast 
component according to their electrophoretic behaviour. In Table X a part 
of the amino acid composition of the slow and fast component is shown. In 
the fast component one Lys has been replaced by a Gin residue and sometimes 
a substitution of a Phe by a Tyr residue Is found (Kilmartm and Clegg, 1967; 
Kitchen and Easly, 1969). It is to be expected that only the former replacement 
will be important for our titration studies. Crystallographically the two com­
ponents are indistinguishable (Perutz et al, 1959). 
Table Χ 
Partial amino acid composition of horse hemoglobin The numbers given refer to the 
slow component In the fast component a Lys residue in the α-chain Is replaced by a 
Gin residue Data from Dayhoff (1969) 
groups 
o-COÔH 
Asn 
Asp 
Gin 
Glu 
Heme-COOH 
His 
a-NH, 
Lys 
Tyr 
Cye 
Arg 
a-chaln 
1 
4 
9 
1 
3 
2 
10 
1 
11 
3 
1 
3 
/J-chaln 
1 
• 14 
- 14 
2 
9 
1 
11 
3 
1 
4 
In Fig. 20 the differential titration curves of the slow (curve A) and the fast 
component (curve B) in the MetHbON form are shown. The curves are nearly 
identical in shape but that of the fast component is shifted to the right as 
compared to curve A of the slow component. This shift can be expected to 
be two units since the fast component contains two Lye residues less than 
the slow one, while the number of all other proton donor groups is the same. 
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Fig 20 Differential titration curves of the two components of horse hemoglobin 
Curve A slow component Curve В fast component The hemoglobins were titrated 
In the MetHbCN form Protein cone 15 mgr/ml, 1 = 01, temp 25° 
The best criterion for this shift is the second peak, since, as we saw in section 
1 6 this peak because of its sharpness nearly represents a true equivalence 
point The shift of this peak is 2 4 units which agrees reasonably well with 
the expected value of 2 
In Fig 21 the difference titration curve of the two componente is shown. 
Here the same shift can be seen the difference in 2 H is somewhat larger 
than the expected value of two In these considerations however, the in­
fluence of the difference in protein charge has been neglected Therefore we 
also calculated the difference curve (drawn line in Fig 21), for which we used 
the parameters of horse Hb0 2 as given in the next section This curve gives 
values somewhat less than two units Because only even values can be sig­
nificant it is clear that the difference is indeed two units Thus It may be 
concluded that the two components do not differ in the number of titratable 
His residues 
The position of Z,, in the two components is probably — 1 2 for the slow and 
— 1 4 for the fast component Using Eqn 1 6 8 we find with Table X, n C O o H = 
70 If the number of amides In the α-chain is correct it can be predicted that the 
1»1» 
Fig 21 Difference titration curve of the slow end fast component of horse hemoglobin 
Dots represent the experimental curve, the full line is the calculated one 
total number of Glu and Asp in the ß-сЬгт of horse hemoglobin must be 17 
and so the number of amides 28 — 17 = 11 * 
3 4 Normal and differential titration curves of horse Hb and H b 0 2 
From the results described in the previous section it can be concluded 
that the titration curves of naturally occurring horse hemoglobin must be the 
mean of those of the two components, because the slow and fast component 
are present in about equal amounts Since the preparation of the two com­
ponents requires several extra operations and much extra work, with as a 
consequence the possibility of more denaturation, we preferred to use the 
unseparated mixture for all studies described in this and the following 
sections 
In Fig 22 the normal and differential titration curves of Hb and Hb0 2 are 
shown The position of the second peak is found at Zu = — 13 For the slow 
and fast component we found about —12 and —14 Therefore the value of 
—13 is in accord with what we expected The shape of the two curves and 
the differences between them are very similar to those of human Hb/Hb02 
(Fig 12) 
The first peak lies at 12 for Hb and at 14 for H b 0 2 This difference arises 
from the different state of ionization of the Bohr groups in the two forms In 
Hb the distance between the two peaks is 25, if there are 4 α-amino groups 
about 21 His residues must be titratable In the case of human Hb the 
* Note Dr D В Smith informed us that this is indeed the most probable value He 
has identified amides at position 2, 19 39, 50, 57, 80 127, 131 and 139 The positions 
83-116 have not yet been checked but here the amides may be assumed from the 
human hemoglobin, which contains two amides in this region (Smith and Chung, 1970) 
^ 
distance between the two peaks led to a number of His residues that turned 
out to be one unit too small. Because the shape and also the height of the 
peak in horse hemoglobin is comparable with that of human hemoglobin it 
can be expected that a well fitting calculated curve will only be found by 
assuming the presence of 22 His residues. 
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Flg. 22. Normal end differential titration curve of horse Hb (·) and НЬО, (o). The 
drawn lines have been calculated using the parameters given In Table XI. Protein cone. 
20 mgr/ml. I = 0.1. temp. 25°. 
To obtain such a calculated curve for Hb we proceeded as follows. The 
number of COOH groups was assumed to be 70 (see Section 3.3); If 4 of 
these are the acid Bohr groups then 66 titratable COOH groups remain, to 
which a pK of 4.25 was assigned. Because the pK values of the Bohr groups 
of human hemoglobin found by us turned out to be nearly identical with those 
1*6 
reported by Antonini et al. (1965b) we have taken their reported values for 
horse hemoglobin. The Tyr, Cys and Lys residues were considered as one 
class. All Cys and only 8 of the 12 Tyr residues were assumed to be titratable, 
analogous to human hemoglobin (Hermans, 1962), because the Tyr residues 
in horse hemoglobin are found at the same places as in human hemoglobin. 
The number of Lys residues was calculated, assuming that hemoglobin con­
sists of equal amounts of the two components The total number of groups in 
this class then becomes 55 as can easily be derived from the values of Table X 
If our estimation of the number of His residues is correct, Z m a l becomes B3. 
Table XI 
Parametere used to calculate the normal and differential titration curve of horse Hb 
and HbO,. 
number of 
groupa 
66 
4 
4 
14 
2 
2 
4 
55 
^ ш а ж ^ 
pK value 
in Hb 
4 25 
5.25 
8.0 
71 
6 2 
7.8 
8 0 
107 
827 0868w 
pK value 
In HbO, 
4 25 
5.85 
β.65 
7 1 
6 2 
7 8 
8 0 
107 
= 0 018 
Table XI gives the parameters which were used to calculate the curves 
of Fig. 22. As in the case of human and bovine hemoglobin 4 groups with a 
pK of 8 were necessary for a good fit. If the acid Bohr groups are carboxyl 
groups and If 4 of the groups in the neutral region are α-amino groups, then 
in horse hemoglobin 22 His residues are found to be titratable and therefore 
16 residues are in the uncharged state in the neutral region. Tanford and 
Nozaki (1966) and Geddes and Steinhardt (1968) reported a number of 
about 12 inaccessible groups in horse hemoglobin. A more detailed discussion 
of the number of titratable imidazole groups will be given In the next chapter. 
For the pK of the COOH groups a value of 4.25 was found to give the best 
results A similar pK value was estimated for bovine hemoglobin (De Bruin 
et a l, 1969) It has already been remarked in Section 2 5 that, if a pK of 4 25 
is chosen for the COOH groups of human hemoglobin, two imidazole groups 
must have a pK of about 6 A similar situation can be observed here- tWo His 
residues must have a pK of 6.2. The meaning of this phenomenon is not yet 
clear. Moreover, besides 4 groups with a pK of 8, two groups with a pK 
of 7 8 were assumed The latter groups can be identified with the α-amino 
groups of the ^-chains, because, as mentioned in Section 1 1, the α-amino 
groups of the a-chams are two of the Bohr groups. As suggested in the 
previous chapter, the 4 groups with a pK of 8 may be the 4 distal histidines 
hl 
3 5 Differential titration curves of horse H b 0 2 with the SH groups blocked by 
•odoacetamide, N-ethylmaleimide and p-hydroxymercunbenzoate 
In the previous section it was assumed that the SH groups are not titrated 
in the neutral region Analogous to human hemoglobin we can test this 
assumption by studying horse hemoglobin after modifying the SH groups After 
blocking of these SH groups with a neutral substituent as lodoacetamlde, 
the following can be expected the first peak will not shift, because its 
position only depends on Zm3l% and n C 0 0 H (Eqn 1 6 6) Only the second peak 
might shift, if SH groups are titrated between the two peaks If such SH groups 
are taken into account, then Eqn 1 6 8 must be modified, as can easily be 
derived 
• „ "Z-w = "Lys + Пдге— Псоон — ISHOSH (3.5.1) 
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F/g 23 Differential titration curves of horse НЬО
г
 before and after reaction with 
lodoacetamlde, (—) experimental curve of unmodified НЬОг, (0) experimental curve 
after reaction with lodoacetamlde, ( ) part of the calculated curve of the modified 
protein, (·) experimental differential titration curve after jirolonged reaction between 
НЬО
г
 and ¡odoacetamide Protein cone 20 mgr/ml, 1 = 01 temp 25° 
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In Fig. 23 the differential titration curves of unmodified НЬО
г
 and of HbO t 
after blocking with iodoacetamide are shown. The position of Z„ remains 
unaltered and clearly no SH groups are titrated in the neutral region. In 
contrast however with human Hb02, the heigt of the second peak remaina 
the same. This probably means that the pK of the reactive SH groups Is 
higher in horse HbOz than in human Hb02. Because no significant change 
in height occurs, we estimated pKS H In horse Hb0 2 even higher than 10.6 
(cf. the argumentation In Section 2.6). We have no explanation for this 
difference In pKS H in these two hemoglobins. 
Blocking with iodocetamide leads to a shift of the first peak just as In 
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Fig. 24. Differential titration curves of horse НЬО, after reaction with N-ethylmaleimlde 
(o) and with p-hydroxymercunbenzoate (·); (—) experimental curve of unmodified 
HbOr Protein cone. 20 mgrjml, I = 0.), temp. 25°. 
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the case of human hemoglobin The calculated curve was obtained by taking 
into account two extra groups with a pK of 6 8 and by increasing ZmiJ. 
with two units (c f Section 2 6) 
The differential titration curve of horse H b 0 2 after prolonged exposure 
to lodoacetamide is also shown. Some His residues have now reacted and 
also one Lys or Arg residue, as can be seen from the shift to the right of 
the first and second peak. 
eiocking with N-ethylmaleimide gives a titration curve (Fig 24) that confirms 
the results obtained with lodoacetamide, concerning the pK of the SH groups 
As in human Hb0 2 , no groups are liberated, but in most cases some 
imidazole groups also react, as can be seen from the shift of the first peak 
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Fig 25. Differential titration curve of horse MetHb (o) Drawn line has been calculated 
using the values of Table XI assuming 4 extra groups with a pK of 8 3 and increasing 
Zwtax by 4 units, (—) experimental curve of HbO, Protein cone 20 mgr/ml, I = 
Oí, temp 25°. 
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When the reactive SH groups react with p-hydroxymercunbenzoate, two 
COOH groups are introduced in the molecule. Eqns. 1 6.6 and 1.6 8 predict 
that the whole curve must shift two units. This can also be seen in Fig. 24. 
Once again this parallels human hemoglobin, here too, the height of the 
second peak has decreased, probably indicating that some groups of the 
neutral region have obtained a higher pK value. 
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Fig. 26 Difference in Z f f between horse MetHb and НЬОг, measured at the same pH, (o) and О are experimental points of two different samples. ( ) calculated curve. 
3.6. Differential and difference titration curves of horse MetHb 
Fig. 25 gives the differential titration curve of MetHb. This figure is 
equivalent with Fig 18 and the explanation of the differences between the 
curves parallels the description, given in Section 2.8: the distance between 
the two peaks increases by 4 units, because 4 additional grOups are present 
in MetHb. The height of the first peak remains nearly unchanged; only the 
height of the second peak decreases In human Hb0 2 and MetHb, the values 
of — Δ ρ Η / Δ Ζ
Η
 at 2ц are 0 29 and 0.24 reap., whereas in horse Hb0 2 and 
MetHb, these values are 0.29 and 0 21 resp. This indicates that the pK of 
the additional groups in horse MetHb must be higher than in human MetHb, 
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as has indeed been found by George and Manama (1953) The full line m 
Fig 25 has been calculated with the parameters 'of Table XI, increasing Z m M 
with 4 units and taking into account 4 extra groups with a pK of 8 3 
In Fig 26 the difference titration curve of MetHb and Hb02 has been 
plotted for two different samples Whereas the difference in Zma4 between 
MetHb and Hb02 is 4, the difference in ZH between these two forms has 
not yet reached this value at pH 6, as at first glance one might expect in 
view of the pK of 8 3 of the extra groups in MetHb However the calculated 
curve in Fig 26 is in reasonable agreement with the experimental curve 
An explanation for this phenomenon has already been given in Section 2 8 
Fig 27 Differential titration curves of horse MetMb (*) and normal and differential ti-
tration curves of horse MetMbCN (o) Protein cone 15 mgr/ml, 1 = 01 temp 25° 
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3 7 Normal and differential titration curves of horse MetMb and MetMbCN 
In Fig. 27 the normal and differential titration curves of Worse MetMbCN 
are shown, together with the differential titration curve of horse MetMb In 
Table XII the partial ammo acid composition of horse (and sperm whale) 
myoglobin is given We assume that the titration curve of MetMbCN is 
mdentical with that of M b 0 2 
From Fig 27 it is seen that m MetMbCN, Z,, = — 4 By applying Eqn. 1 6 θ 
and assuming that n I > ( 1 + η λ Γ ( , = 21 (see Table XII), we find n C 0 0 H = 25 
This is in contrast with the cited ammo acid analysis, which gives П(оон = 23 
Our conclusion from this is that the amide content is two less than given by 
the amino acid analysis We used however a not chromatographically purified 
myoglobin for the titration, so the discrepancy may be due to a heterogeneity 
of the myoglobin (Akeson and Theorell, 1960, Dautrevaux, Boulanger, Han 
and Biserte, 1969)* 
Table XII 
Partial amino acid composition of horse and sperm whale myoglobin Data from 
Dayhoff (1969) 
groups 
a-COOH 
Asp 
Glu 
Heme-COOH 
Hie 
a-NH. 
Lys 
Туг 
Суе 
Arg 
horse 
1 
7 
13 
2 
11 
1 
19 
2 
0 
2 ' 
sperm \ 
1 
6 
14 
2 
12 
1 
19 
3 
0 
4 
The first peak lies at about 2 H = 1, but we suppose that the real equivalence 
point lies at Z H = 2 because the maximum is not very pronounced Thus 
it is likely that 6 groups are titrated in the neutral region If 'one of them is 
the α-amino group, then 5 His residues are titra tabi e Breslow and Gurd 
(1962) found approximately 6 His residues titratable m sperm whale myoglobin. 
This myoglobin has one His residue more than horse myoglobin Moreover 
the 11 His residues are found at the same positions in the molecule as in 
* Note in sperm whale myoglobin we found 2.,, = — 1 , whereas the expected value 
Is 0 (see Table XII), from our titration studies we calculated Пцодл = 24, one more 
than given by the amino acid analysis This difference may be accounted for by 
the occurrence of the labile amides in sperm whale myoglobin (Edmundson, 1965 
Edmundson and Hlrs, 1962) 
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whale myoglobin It Is attractive to suppose that the titratable and non-
titratable imidazole groups In horse and sperm whale myoglobin occur at 
the same positions in the chains 
In Fig 27 the differential titration curve of horse MetMb Is also shown 
The first peak is displaced one Ζ,,-υηιΙ, because Zmaï in MetMb is one unit 
higher than in MetMbCN The second peak has been lowered and displaced 
to higher ZH-valuea, because the pK of the extra group present in MetMb 
is about 9 (George and Manama, 1952) and therefore the corresponding 
degree of ionization is about 0 5 at pH = 8 9 
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CHAPTER IV 
THE TITRATABLE AND NON-TITRATABLE IMIDAZOLE GROUPS 
IN HEMOGLOBIN. TITRATION OF HUMAN HEMOGLOBIN A2. 
IDENTIFICATION OF TWO ADDITIONAL BOHR GROUPS IN 
THE ^-CHAINS OF HUMAN AND HORSE HEMOGLOBIN 
4.1 The (¡tratable and non-titratable imidazole groups In human and horse 
hemoglobin 
In Chapter II and III a number of titration experiments on human and horse 
hemoglobin has been described, from which it appeared that only part of 
the imidazole groups is titratable. Since the structure of these molecules is 
known almost completely, the question arises what exactly the positions 
are of the titratable and non-titratable His residues. In this chapter we have 
tried to give some contribution to the solution of this problem by comparing 
the titration results of a number of hemoglobins and their constituent chains. 
Table XIII 
Number of titratable His residues of some hemoglobins and eubunits, found from 
differential titration curves. 
aPMB 
βΡΜα 
human 
horse 
bovine 
number of His 
titratable 
7 
6 
20 
22 
18 
number of His 
from amino acid 
composition 
10 
9 
38 
38 
32 
- Δ Ρ Η / Δ Ζ Η 
at Ζ, 
Hb НЬО. 
0 148 0113 
0 159 0 122 
0182 0 139 
Table XIII shows the number of titratable His residues of human hemoglobin 
and its chains (Chapter II), of horse hemoglobin (Chapter III) and of bovine 
hemoglobin (De Bruin et al., 1969). The total number of His residues is given 
In the second column of the table. The figures are based upon the assumption 
that in all these hemoglobins the acid Bohr groups are carboxyl groups. 
Table XIV gives a survey of the position of the His residues In the a- and 
^-chains of human, horse and bovine hemoglobin. One can see that in all 
three proteins the His residues in the α-chain are found at structurally Identical 
positions. Because of the large structural resemblance of these a-chalns, 
the assumption seems justified that those His residues in the α-chains which 
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Table XIV 
Positions of His residues In some chains; (x) Indicates the occurence of a His residue. 
From Penitz (1965), Perutz et el. (1968) and Dayhoff (1969). 
oosltlon In 
DOlypeptide 
:haln 
NÄ2 
B1 
CD3 
D6 
E7 
E13 
E20 
EF1 
F8 
FG1 
FG4 
G10 
GIS 
G19 
HS 
H21 
НСЗ 
α 
human 
horse 
bovine 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
β 
humen 
χ 
χ 
χ 
χ 
χ 
χ 
χ 
χ 
χ 
β 
horse 
χ 
χ 
χ 
χ 
χ 
χ 
χ 
χ 
χ 
β 
bovine 
χ 
χ 
χ 
χ 
χ 
χ 
& 
human 
χ 
χ 
χ 
χ 
χ 
χ 
χ 
remarks 
distal Hie 
external 
external 
proximal His 
contact 
contact 
contact 
Bohr group 
have the same position in the polypeptide chain will have the same titration 
behaviour. We further suppose that this hypothesis remains valid when the 
chains are not separated, but assembled in the complete hemoglobin mole­
cule. Thus the different number of titratable Imidazole groups In these 
hemoglobins must reside in the residues in the /?-chain. 
The yS-chains too (Table XIV), have the positions of most His residues in 
common. For these residues we make the same assumption as we did for 
the α-chains. Therefore In our hypothesis the non-common Imidazole groups 
in the (ff-chains must be responsible for the different number of titratable 
His residues. For the moment we will limit our discussion to a comparison 
of human and horse hemoglobin (bovine hemoglobin will be taken into con­
sideration later). The non-common residues are found at position NA2 and 
G18 In human and at E13 and E20 in horse ^-chains. Now human hemoglobin 
has two titratable His residues less than horse hemoglobin and therefore 
the corresponding difference for the jff-chains Is one. If our assumptione 
about the titratabllity of corresponding residues are correct, then there are 
4 possibilities to explain the difference In the number of titratable Imidazole 
groups as listed in Table XV. NA2 is the aecond group In the polypeptide 
chain (Fig. 1) and its imidazole group Is probably external (Perutz and 
Lehmann, 1968) and must therefore be titratable. E13 and E20 are also 
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external (Bolton et a l , 1968), and may also be expected to be tltratable. 
Therefore possibility (4) is in our opinion the most likely one. This implies 
that His 116(G18)/? can not be titrated in human hemoglobin. 
Table XV 
Possible explanation for the different number of tltratable Imidazole groups In human 
and horse hemoglobin, t = tltratable, η = non tltratable For further explanation 
see text 
1 
2. 
3 
4 
human 
NA2 
η 
η 
η 
t 
G18 
η 
η 
t 
η 
horse 
Ε13 Ε20 
t η 
η t 
t t 
t t 
A test for this suggestion is provided by human hemoglobin A2. This 
hemoglobin is a minor component of normal hemoglobin (the latter hemo­
globin is also called hemoglobin A). Hemoglobin A j contains two α-chains, 
identical with the α-chains of hemoglobin A The other chains of hemoglobin 
A2 differ from the ^-chains and have been termed ó-chalns, therefore hemo-
globin A2 can be represented as а
г
о
г
 There seem to exist 10 differences 
between the β- and ¿-chains, most of them involving replacements of non 
polar residues by other non polar residues (Schroeder and Jones, 1965) 
The for our purpose most interesting feature of hemoglobin A2 is, that it 
lacks His G18 and G19 as indicated in Table XIV. If indeed G18 Is not tltratable 
then this can be tested by titrating hemoglobin A2. Before going into further 
discussions we will first describe the isolation and titration of hemoglobin A2 
4.2 Isolation of hemoglobin A2 
Human hemoglobin A2 occurs at a percentage of about 2.4 in the hemo-
globin of a normal person (Bernini, 1969) The method of Bernini (1969) for 
the isolation of this component is only suited for analytical purposes and was 
therefore modified, because of the need of larger quantities of hemoglobin 
A j for our titration studies. 
The following buffers were used Buffer no. 1: 0.2 Μ Τπβ to which waa 
added 0.2 M NaH2P04 until the pH was 8 5. Buffer no. 2: 0.035 M Trie to 
which was added 0.035 M МаН2Р04 until the pH was 8.5 (measured at room 
temperature) The Ion exchanger used was DEAE-Sephadex, type A-50 
(capacity 3 5 ± 0 5 meq/gr). Ten grams of this exchanger were allowed to 
swell In buffer no. 1 during 12 hours. Thereafter the cellulose was washed 
.with buffer no 2 with repeated sedimentation and décantation during 24 hours 
58 
A tube, about 4 χ 20 cm provided with a funnel, was filled with buffer no 2 
to within the conical part of the funnel The slurry, which was deairated before 
use, was poured into the tube and allowed to settle The column was then 
washed with about 400 ml of buffer no 2 A Hb0 2 solution, prepared as 
described m Section 2 2, was repeatedly dialysed against buffer no 2 About 
40 ml of this Hb0 2 solution (with a concentration of about 10 % ) was layered 
over the cellulose and eluted with buffer no 2 The Hb02-A2 moved rapidly 
through the column and could satisfactorily be separated from the mam 
component Hb02-A When all the Hb02-A2 had been collected, the Hb02-A 
could be removed by elutmg with 0 5 M NaCI The Hb02-A2 containing 
effluent was concentrated by means of a Diaflo-Ultrafiltratlon cell, using 
a UM-10 membrane The separation was checked by Polyacrylamide electro­
phoresis at pH 8 The packing of the column, the separation and the con­
centration were done at about 4° After concentration the Hb02-A2 solution 
was dialysed against distilled water to remove the buffer and subsequently 
deiomzed and titrated as described m Section 1 7 
One sample of Hb02-A2 was treated with N a 2 S 2 0 1 to reduce any MetHb 
which might have been formed during the procedure After addition of the 
reductor, the solution was immediately deiomzed (Brown and Mebme, 1969) 
The titration curve obtained from this sample was not significantly different 
from that of an untreated sample 
4 3 Normal and differential titration curves of hemoglobin Aj 
In Fig 28 the normal and differential titration curves of human hemoglobin 
A2 from two different samples are shown The reproducibility is less than 
usual, but doubtless this is due to the numerous manipulations involved in 
the isolation of this hemoglobin The dashed lines represent the shape of 
the experimental differential titration curve of human hemoglobin, taken 
from Fig 12 
The second peak in the differential titration curve of hemoglobin-A2 is 
found at Z,, = — 6 This position is to be expected from Eqn 1 6 8 because 
from Table XVI we find n L y e + n^rg = 58 and n C 0 0 H = 64, giving indeed 
Z „ « - 6 
Table XVI 
Partial ammo acid composition of human α β- and δ chains Data from Dayhoff (1969) 
groups 
a-COOH 
Asp 
Glu 
Heme COOH 
His 
a-NH, 
Lys 
Туг 
Cys 
.Arg 
a chain 
1 
8 
4 
2 
10 
1 
11 
3 
1 
3 
J. chain 
1 
7 
8 
2 
9 
1 
11 
3 
2 
3 
a-ch¡ 
1 
7 
7 
2 
7 
1 
11 
3 
2 
4 
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Fig 28 Normal and differential titration curves of human hemoglobin At Two different 
samples are presented. (·) and (*) deoxy form, (o) and (C) oxy form Dashed line 
represents the shape of the experimental differential titration curve of human hemo­
globin A Protein cone 15 mgr/ml. 1 = 01, temp 25° 
The mean distance between the two peaks is two less than in hemoglobin A 
(this can most easily be seen In the curve of the deoxy form) We may 
therefore conclude that m hemoglobin A2 only two imidazole groups less are 
titratable and, as already suggested in Section 4 1, we assume that it Is His 
Gl 8 which is not titratable 
An argument for the titratabillty of His 117 (G19)/} may be found m hemoglo­
bin Ρ In this abnormal human hemoglobin an Arg residue is found at position 
G19 in the /S-chams instead of a His residue. As expected, at pH 8 5 hemoglo­
bin Ρ shows a smaller anodic mobility than hemoglobin A, but at pH 6 the 
electrophoretic behaviour of hemoglobin A and Ρ is equal (Schneider, Alpenn, 
Bnmmhall and Jones, 1969) These findings are explicable If G19 is titratable. 
60 
Fig 29 Difference In 2д between the deoxy and оку form Area A human and horse 
hemoglobin Area В hemoglobin A,. 
4 4 The Bohr effect of human hemoglobin A, A, and of horse hemoglobin 
The Bohr effect of hemoglobins (see Section 1.1) can be measured by the 
difference In protons bound between Hb and НЬО
г
 Fig 29 gives the difference 
in Z H , which is equal to the difference in protons bound, between human and 
horse Hb and Hb0 2 (area A) and human Hb-A2 and НЬ02-Аг (area B) Area A 
contains 5 experimental curves of two different samples of human and of horse 
hemoglobin and area В two curves of two different samples of hemoglobin А2 
Human and horse hemoglobin clearly have the same Bohr effect, but hemo­
globin A, shows a significantly smaller one Because this lower Bohr effect 
takes place around pH 7, this phenomenon might be due to an Imidazole 
group In view of the considerations in the previous section about the tltra-
tability of His Gl θ and Gl 9 it is attractive to suppose that the absence of 
His Gl9 in hemoglobin A2 causes this lower Bohr effect If Gl9 is the 
titratable His residue, then the absence of this group in hemoglobin А2 
causes a decrease of about one quarter of the alkaline Bohr effect In human 
and horse hemoglobin Since it has been shown that the α-amino group of 
the a-chams contribute one quarter to the Bohr effect (Perutz et al, 1969, 
Kilmartin and Rossi-Bernardi, 1969), and the terminal Hie НСЗ(146)Д con 
tributes one half to it (Perutz et al, 1969), all groups responsible for the 
alkaline Bohr effect seem now to be identified 
61 
De Brum et al (1969) found that the α-amino groups form about one half 
of the total alkaline Bohr effect in bovine hemoglobin This discrepancy may 
be partially due to the fact that the total Bohr effect In bovine hemoglobin 
is smaller than in human and horse, because His GIS and G19 are missing 
in bovine hemoglobin 
The role of His G19 in the alkaline Bohr effect is somewhat unexpected 
From the data of Perutz et al (1968) it can be seen that Gl 9 is not involved 
in the contacts between the subumts, but only its preceding residues Gl 7 
and Gl8 However, His Gl9 might form a hydrogen bond with Glu B8(26)/î 
This bond is in the neighbourhood of the alß1 contact which undergoes a 
slight change upon deoxygenation of Hb02 (Perutz and Lehmann, 1968) 
It is possible that this results in a pK change of His G19, which explains 
its contribution to the Bohr effect 
4 5 Concluding remarks 
In Section 3 7 we found that the different number of titratable Imidazole 
groups in horse and sperm whale myoglobin corresponds with their known 
different His content, despite the fact that there are about 20 differences 
In the primary structure Most differences are such that they do not affect 
the tertiary structure (Nedkov, Meloun and Keil, 1969), this may support our 
theory, developed in Section 4 1 Another test would be a study of the 
isolated chains of other hemoglobins Unfortunately the method for the 
preparation of these chains in the native state is only successful In the 
case of human hemoglobin (Rosemeyer and Huehns, 1967) 
Are we no also able to explain the difference m the number of titratable 
imidazole groups in human and bovine hemoglobin? One difficulty in this 
comparison is that in some breeds of cattle two components, called A and B, 
are observed (Cabannes and Serain, 1955) One of the differences between 
hemoglobin A and В is that the latter contains one His residue more (at B1 
in the /J-chams) Muller (1961) reported that Dutch cattle contain one com­
ponent The Friesian breed in Holland is indeed homozygote for hemoglobin A 
(Bangham, 1957), but Bouw and Oosterlee (1969) observed one variant in 
a survey of 6 head of cattle in the Netherlands During our investigation on 
bovine hemoglobin (Oe Brum et al, 1969) we never observed any difference 
between our samples Therefore we must assume that our results apply to 
hemoglobin A Table XIV shows that, if we make the same assumptions as 
we did in the comparison of human and horse hemoglobin, two imidazole 
groups more are expected to be titratable in the human ^-chains (NA2 and 
Gl9) and therefore, that human hemoglobin has 4 His residues more that are 
titratable The experimental value however is only 2 
There may be different reasons for this discrepancy 
First we have assumed that the three dimensional structure of bovine 
(hemoglobin is the same as that of human and horse hemoglobin This expecta­
tion, based on similarities m the primary structure, has however not yet 
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been confirmed. It therefore remains possible that (small) differences exist 
between the structures of these proteins. 
One might further suppose that our assumptions are correct for the 
separated chains but that a different number of imidazole groups become 
masked upon association of two a- and two ^-chains to a hemoglobin mole­
cule If such residues exist they probably are found at the contacts between 
the subumts Inspection of Table XIV shows that the residues at the contacts 
belong to the common residues and therefore this possibility is not very likely. 
There is however a solution which gives a correct answer to the problem, 
at least theoretically. In Section 4.1 we have ruJed out possibility (3) of 
Table XV, m which His G18 m the human and His E13 and E20 in the horse 
^-chains were assumed titratable and NA2 not titratable. This possibility 
combined with the further assumption that His Gl9 in both human and horse 
hemoglobin is not titratable can explain the different number of titratable 
imidazole groups in human, horse and bovine hemoglobin, as can be seen 
from Table XVII. We believe, however, that this solution is not very likely 
because, as already mentioned, the imidazole group of His NA2 is external 
so that most probably it is readily accessible for protons 
Table XVII 
Alternative solution to explain the different number of titratable Imidazole groups In 
human, horse and bovine hemoglobin, t = titratable, π = non titratable For further 
comments see text 
β β β δ 
position human horse bovine human 
NA2 
E7 
E13 
E20 
EF1 
F8 
FG4 
G18 
G19 
H21 
HC3 
χ 
X 
X 
X 
X 
X 
X 
X 
X 
η 
t 
t 
π 
t 
t 
η 
t 
t 
X 
X 
X 
X 
X 
X 
X 
X 
X 
t 
t 
t 
t 
η 
t 
η 
t 
t 
X 
X 
X 
t X 
t X 
χ π X 
X 
X 
X 
t X 
t X 
t X 
η 
t 
t 
η 
t 
t 
t 
The anomalous ionic strength dependence of the differential titration 
curve (Section 1 8) also can not be a reason for the discrepancy mentioned, 
because horse and bovine hemoglobin have the same behaviour In this 
respect.* 
* J. A. L. I Walters, unpublished experiments 
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The discrepancy between human and bovine hemoglobin involves only one 
His residue in the ß-chains We do not believe that this is caused by an 
incorrect estimation of the number of titratable imidazole groups from the 
differential titration curve The uncertainty in the determination of the peak 
positions is much smaller than one group and moreover the number of 
groups must always be even, at least in hemoglobin If one of the numbers 
in Table XIII is not correct, we feel that this must be due to something which 
we have overlooked as yet 
It should be noted however that a comparison of the protomc parameters 
of bovine hemoglobin with those of human and horse hemoglobin Is less 
likely to be successful than a comparison of the latter two proteins mutually 
This has been indicated in Table XIII the first peak is considerably higher 
in bovine hemoglobin than it is m the other two proteins The origin of this 
phenomenon is not yet clear but it might be the reason for the discrepancy 
Whereas we have found a reasonable explanation for the differences in the 
total number of imidazole groups, there remains the question, which particular 
imidazole groups are titratable or non titratable In the human /J-chams we 
have shown that His G18 is not titratable We further may assume that His 
F8, the proximal histidme, is also not titratable The position of the third non 
titratable group remains uncertain A determination a priori of the (non) 
titratable groups from the three dimensional model does not seem possible 
at the moment An attempt to correlate reactivity of imidazole groups (towards 
bromoacetate) with the crystal structure has been described by Banaszak, 
Andrews, Burgner Eylar and Gurd (1963) for sperm whale myoglobin A 
reasonable correlation was found between the reactivity and the extent of 
Internal bonding in the crystal, but here too, no definite prediction from the 
model alone could be made They found, among others, Hls E7 (the distal 
histidme) to be reactive and His F8 (the proximal histidme) to be unreactive 
towards bromoacetate We have assumed for these residues a corresponding 
reactivity towards hydrogen ions If we assume that in the human ^-chains 
His E7 is titratable and also NA2, G19 and HC3 (the latter because of its 
involvement in the alkaline Bohr effect), then the third masked imidazole 
group must belong to His EF1, His FG4 or His H21 Because all these 3 groups 
belong to the common residues two non titratable imidazole groups may be 
expected in the ^-chains of horse and bovine hemoglobin 
In the human α-chains we also found 3 non titratable imidazole groups and 
the same number can be expected in the horse and bovine α-chains Our 
Information about the titratability of the particular His residues in these chains 
Is less than for the ^-chains As already remarked a prediction from the 
three dimensional model Is difficult, so we can only say that further studies 
are needed to solve these remaining problems 
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SUMMARY 
This thesis describes a study of human and horse hemoglobins by means of 
hydrogen ion titration curves The differential titration curves, ι e curves 
which give the slope of a normal titration curve, of a number of hemoglobins 
and derivatives of hemoglobins, were measured and analysed The primary 
aim was to determine the number of titratable imidazole groups of the 
histidyl residues in the several hemoglobins 
In Chapter I the experimental determination and Interpretation of differen­
tial titration curves is described The ionic strength dependence of these 
curves was investigated It is shown that whereas myoglobin reasonably 
follows the ionic strength dependence predicted by the model of Linderstrem-
Lang, hemoglobin does so only at a pH higher than about 6 5 The experimental 
ionic strength dependence of the isoiomc point of human hemoglobin could 
be explained with the Lmderstram-Lang model, which indicates that no salt 
ions are bound at neutral pH 
In Chapter II a study of human hemoglobin is described In the α-chains 7, 
and in the ß-cbains 6 histidyl residues are found to be titratable The titration 
curve of the α-chains could be calculated with one single pK value for the 
imidazole groups, whereas pK values varying from 5 6 to β were necessary 
to explain the titration curves of the ß-chams Assuming that the acid Bohr 
groups are carboxyl groups, 20 histidyl residues appeared to be titratable 
in human hemoglobin which means that probably 6 imidazole groups become 
titratable upon dissociation of hemoglobin into its subumts 
From the differential titration curve of the α-chains and that of human 
hemoglobin it can be concluded that all carboxyl groups and all lysyl and 
arginyl residues are titratable in these molecules, in accord with the expecta­
tions from the crystal model Probably the same holds for the ^-chains 
In oxyhemoglobin the pK of the reactive SH groups was found to be 9 9 
This value was determined by studying oxyhemoglobin with these SH groups 
blocked with lodoacetamide By this blocking however two imidazole groups 
become titratable, which turned out to be a specific effect of lodoacetamide 
because blocking with N-ethylmaleimide did not give an unmasking of two 
groups Blocking with sodium p-hydroxymercunbenzoate results in phenomena 
which could be explained by assuming that some imidazole groups obtain a 
higher pK, probably by the formation of hydrogen bonds between these 
Imidazole groups and the carboxyl groups of the blocking agent 
Upon removing the heme groups from hemoglobin about 8 histidyl residues 
become titratable Assuming that in globm all 6 SH groups are titratable, 
their pK is found near 9 
The differential and difference titration curve of methemoglobin could rea­
sonably be explained by assuming the presence of 4 extra groups wit a pK of 
8 as compared with oxyhemoglobin 
66 
Chapter III describes similar titration studies of horse hemoglobin 
First the two components of horse hemoglobin, the so called slow and fast 
component, were isolated and titrated separately The difference between 
them could be accounted for by the known differences in primary structure 
As expected the number of titratable imidazole groups was found to be equal 
In these two components All other titration studies were therefore done 
with the naturally occunng mixture of the two components 
In horse hemoglobin two histidyl residues more are titratable than in human 
hemoglobin Seventy carboxyl groups had to be assumed in horse hemoglobin. 
The pK of the reactive SH groups seems to be higher in horse than In 
human hemoglobin Studies of horse oxyhemoglobin with the SH groups 
blocked with lodoacetamide, N-ethylmaleimide and sodium p-hydroxymercurl-
benzoate gave similar results as in the case of human hemoglobin 
The methemoglobm titration aleo parallels human methemoglobln 
A study of horse myoglobin revealed that 5 histidyl and 25 carboxyl groups 
are titratable 
In Chapter IV the titration results of human, horse and bovine hemoglobin 
are compared It is shown that the different number of titratable imidazole 
groups in human and horse hemoglobin can be explained if we assume that 
those histidyl residues which occur at the same structural places in the ci-
ana /?-chains in both hemoglobins behave in a titnmetrically identical manner 
The most likely explanation implies that His G18 in the ß-cbains of human 
hemoglobin is not titratable 
This hypothesis has been substantiated by studies of the minor component 
of human hemoglobin, the hemoglobin A2 In this protein, which lacks His Gl8 
and His G19 in the ß-cham, two histidyl residues less are found to be titratable 
In view of the above mentioned theory we assumed that His G18 is not 
titratable 
The Bohr effect of hemoglobin A, is about one quarter less than that of 
human and horse hemoglobin, from which observation we concluded that 
His G19 contributes about one quarter to the alkaline Bohr effect 
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SAMENVATTING 
In dit proefschrift zijn de zuur-base titratiecurven beschreven van menselijk 
en paardehemoglobine In hémoglobines komen een aantal imidazolgroepen 
voor die met titreerbaar zijn en het doel van dit onderzoek was om meer 
informatie over deze groepen te verkrijgen, met name wat betreft het aantal 
van deze groepen en hun verdeling over het molecuul We hebben dit pro-
bleem bestudeerd met behulp van differentiële titratiecurven, waaronder wij 
verstaan de eerste afgeleide van normale titratiecurven 
Hoofdstuk I beschrijft de experimentele bepaling en de analyse van deze 
differentiële titratiecurven Enkele experimenten zijn uitgevoerd om het Llnder-
strem-Lang model, dat dient als uitgangspunt voor de analyse van de titratie-
curven, te testen De lonsterkte afhankelijkheid van de titratiecurven werd In 
het geval van myoglobine redelijk beschreven door dit model, maar hemo-
globine vertoonde duidelijk afwijkingen beneden een pH van ongeveer 6 5 
De experimenteel bepaalde lonsterkte afhankelijkheid van het isoiomsch punt 
van menselijk oxyhemoglobme kon weer goed verklaard worden met het 
Linderstram-Lang model, waaruit geconcludeerd mag worden dat geen tegen-
lonen gebonden worden in dit gebied 
Hoofdstuk II beschrijft titraties aan menselijk hemoglobine In de a-ketens 
werden 7, en in de ^-ketens 6 titreerbare imidazolgroepen gevonden, zodat In 
beide ketens er 3 met titreerbaar zijn BIJ de berekening van de titratiecurve 
van de a-ketens was slechte eén pK-waarde voor de imidazolgroepen nodig, 
in tegenstelling tot de /?-ketens, waar waarden van 5 6 tot 8 aangenomen 
moesten worden In hemoglobine zelf, wat bestaat uit twee α- en twee β-
ketens, werden 20 titreerbare imidazolgroepen gevonden, aannemende dat de 
zure Bohr groepen carboxylgroepen zijn Dit houdt in dat 6 imidazolgroepen 
vrijkomen bij dissociatie van het molecuul in de subeenheden 
Uit de differentiële titratiecurven van de a-ketens en van hemoglobine 
zelf kon geconcludeerd worden, dat alle carboxylgroepen en alle lysines en 
argimnes titreerbaar zijn, zoals te verwachten is uit het driemensionale 
model, voor de ^-ketens geldt waarschijnlijk hetzelfde 
Door blokkering van de reaktieve SH-groepen in oxyhemoglobme met 
joodaceetamide werd gevonden dat de pK van deze groepen ongeveer 9 9 is 
BIJ deze blokkering komen echter twee imidazolgroepen vrij Dit bleek een 
specifiek effect van joodaceetamide te zijn, want bij blokkering met N-ethyl-
maleimide treedt dit verschijnsel met op Wanneer deze SH-groepen met 
natrium p-(hydroxymercuri)benzoaat reageren, blijkt weer een andere neven-
reactie op te treden uit de differentiële titratiecurve blijkt dat sommige imi-
dazolgroepen een hogere pK krijgen, waarschijnlijk door vorming van water-
stofbruggen tussen deze imidazolgroepen en de carboxylgroepen van het 
blokkeringsmiddel 
BIJ verwijderen van de hemegroepen van het hemoglobine komen ongeveer 
β imidazolgroepen vrij Onder de groepen die in globine titreerbaar zijn in 
het neutrale gebied, bevinden zich waarschijnlijk 3 SH-groepen Als alle 6 
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SH-groepen in globine titreerbaar zijn dan moet hun pK ongeveer 9 bedragen. 
De differentiële en de verschil-titratie curve van methemoglobme kon 
redelijk verklaard worden door de aanwezigheid van 4 extra groepen met een 
pK van 8. 
In Hoofdstuk III worden soortgelijke titraties beschreven, maar ditmaal aan 
paardehemoglobine Eerst werden de twee componenten, de zogenaamde 
langzame en snelle component, afzonderlijk getitreerd Het titrimetnsche ver-
schil was volkomen in overeenstemming met het bekende verschil in amino-
zuursamenstelling Het aantal titreerbare imidazolgroepen bleek in deze twee 
componenten gelijk te zijn Alle verdere titraties werden daarom verricht met 
het natuurlijk voorkomende mengsel van deze twee componenten 
In paardehemoglobine moesten 20 imidazol- en 70 carboxylgroepen titreer-
baar worden verondersteld 
De pK van de reaktieve SH-groepen is hoger dan in menselijk hemoglobine 
Verder vertonen de titratiecurven van paardehemoglobine waarvan de SH-
groepen geblokkeerd zijn met joodaceetamide, N-ethylmaleïmide en natrium 
p-(hydroxmercuri)benzoaat dezelfde effecten als in het geval van menselijk 
hemoglobine Hetzelfde geldt voor methemoglobme 
In paardemyoglobme werden 5 titreerbare imidazol- en 25 carboxylgroepen 
gevonden 
In Hoofdstuk IV worden de tltratieresultaten van menselijk, paarde- en 
runderhemoglobme met elkaar vergeleken Het verschil m titreerbare imidazol-
groepen tussen menselijk en paardehemoglobine kan verklaard worden door 
aan te nemen, dat die imidazolgroepen, die op dezelfde structurele plaatsen 
in de eiwitketen voorkomen, zich titnmetrisch identiek gedragen Een conse-
quentie van deze veronderstelling is, dat His G18 in de ^-ketens van menselijk 
hemoglobine met titreerbaar is 
Deze hypothese is getest aan menselijk hemoglobine A2i een component 
die in geringe hoeveelheden in normaal menselijk hemoglobine voorkomt In 
dit hemoglobine, dat Hls G18 en His G19 mist, zijn twee imidazolgroepen 
minder titreerbaar, welk verschijnsel we als een steun voor onze theorie 
beschouwd hebben 
Het Bohr effect van hemoglobine A2 Is ongeveer een vierde kleiner dan 
dat van menselijk of paardehemoglobine Hieruit hebben wij geconcludeerd 
dat His G19 ongeveer een kwart bijdraagt tot het alkalische Bohr effect. 
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LIST OF SOME ABBREVIATIONS AND SYMBOLS 
Hb 
HbCO 
H b 0 2 
HbOJAA 
HbO^NEM 
HbOJPMB 
1 
IAA 
M 
MetHb 
MetHbCN 
MetMb 
MetMbCN 
n, 
NEM 
pK 
PMB 
r I I IS 
Ζ 
Z H 
^-max 
2,. Z,, 
a, 
О 
% 
deoxyhemoglobm 
carbon monoxide hemoglobin 
oxyhemoglobin 
oxyhemoglobin with SH groups blocked with lodoacetamide, 
N-ethylmaleimide, p-hydroxymercunbenzoate 
ionic strength 
lodoacetamide 
molar (mole/liter) 
methemogoblm 
cyanomethemoglobin 
metmyoglobin 
cyanometmyoglobm 
number of groups of class ι 
N-ethylmaleimide 
minus log of intrinsic dissociation constant 
sodium p-hydroxymercunbenzoate 
number of dissociated His residues 
mean protein charge (unity elementary charge) 
mean protein charge, due to the binding of protons only 
maximum protein charge 
position of first, second maximum in differential titration curve 
degree of dissociation of groups in class ι 
degrees centigrade 
weight percentage 
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APPENDIX 
leoionic points of some hemoglobins The figures given are the mean of at least two 
determinations, which may differ by about 0 02 from the mean value 1 = 0 1 . temp 25° 
Hb 
ньо, 
MetHb 
MetHbCN slow 
MetHbCN fast 
HbOjIAA 
HbOtNEM 
HbOjPMB 
human 
7 48 
7 25 
7 52 
721 
717 
7 20 
horse 
733 
709 
7.33 
7 19 
6 97 
710 
7 00 
699 
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Malik, W U en Agarwal S К (1967) Indian J Chem 5, 1 
Vili 
De bepaling van de straal van het glycerine molekuul middels viscositelts-
metingen is te simplistisch van opzet 
Wilson, J M Newcombe R J Denaro, A R en Rickett R M W (1962) 
„Experiments in Physical Chemistry' Pergamon Press, pag 127 
IX 
De conclusie van Hirsch Kolb, Kolb en Greenberg dat de binding van 
mangaanionen aan runder serumalbumine beschreven kan worden met 
behulp van twee bindingskonstanten berust op een discutabele inter­
pretatie van hun meetgegevens 
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Χ 
Het streven van de politieke partijen een grotere duidelijkheid te ver­
krijgen door een scherpere afbakening van de partijprogramma's heeft 
als onvermijdelijk gevolg een grotere onduidelijkheid voor de kiezer door 
een groei van het aantal partijen 
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